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SUMMARY OF THE DISSERTATION 
 
Anorexia nervosa is a mental health disorder in which biological factors are 
important pathophysiological determinants. In the last few years, we have witnessed 
an increase in the use of neuroimaging techniques to study the brain structure of people 
with anorexia nervosa. These studies have found brain alterations based on the global 
reductions of grey matter volumes of cortical and subcortical regions in adolescents 
with anorexia nervosa. Recent neuroimaging techniques have also begun to study the 
water diffusion alteration in the brain, whose understanding is still in its early research 
stages. However, the diversity in the study of these analysis samples calls for more 
studies able to determine the regional brain differences typical in underweight 
adolescents with anorexia nervosa. Furthermore, it is not clear if the recovery of the 
brain alterations can be achieved after weight-restoration treatment. The majority of 
these studies have followed a cross-sectional design and the need of longitudinal 
studies is expressed.  
The aim of this dissertation is the study of the brain structure in underweight 
adolescent girls with anorexia nervosa before and after short-term weight restoration 
in comparison to age-gender matched healthy control participants.  
In our first study (Chapter 2), we compared the brain volume differences of 26 
underweight adolescent girls with anorexia nervosa and 20 healthy control participants 
using voxel based morphometry. Brain differences were found between groups in 
cortical and subcortical regions such as the prefrontal, parietal association cortices, 
cingulate cortex and insula. We also studied the brain changes after a short term of 
weight restoration in a subsample of 10 adolescents with anorexia nervosa in 
comparison to 10 healthy control participants. The majority of grey matter volumes 
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increased and normalized towards healthy control levels. Also, the recovery of the grey 
matter volume in the left orbitofrontal cortex and the right thalamus was correlated 
with improvements in symptoms of shape concerns and eating concerns, respectively. 
However, sections of the caudate nuclei, anterior cingulate cortex, and right 
hippocampus did not show any recovery after weight restoration. 
In our second study (Chapter 3), we presented a systematic review of the 
research studies that have analysed the water diffusion in the brain of participants with 
anorexia nervosa using diffusion tensor imaging. Diffusion tensor imaging is a 
neuroimaging technique which has extensively been applied in the study of 
neurological disorders to characterise the water movement in the brain, since its 
alteration could indicate an abnormality reflecting the disorder’s pathology. Its 
application in anorexia nervosa is very recent, and the interpretation of the findings is 
still unclear. In the systematic review of 6 cross-sectional studies performed on 
underweight and recovered adolescents and adults with anorexia nervosa, alterations 
appeared in regions of the limbic system such as the cingulate cortex, fronto-occipital 
fibres, and fornix. It is unclear if the alterations fully recover after treatment. 
Longitudinal studies are needed to investigate this issue.   
In our third study (Chapter 4), we analysed the water diffusion in the brain of 
26 underweight adolescent girls with anorexia nervosa in comparison to healthy 
control participants using diffusion tensor imaging. The participants were the same as 
those included in our volumetric study described in Chapter 2. Significant differences 
appeared in cortical regions of the prefrontal cortex, cingulate cortex, parietal 
association cortices, insula, and subcortical regions of the thalamus, fornix, and 
caudate nuclei, among others. These alterations are in many of the same locations of 
the grey matter volume reductions as our previous volumetric study. These areas seem 
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to be more susceptible to alterations in the brain structure of underweight adolescents 
with anorexia nervosa and could be involved in the pathophysiology of the disorder.  
In our fourth study (Chapter 5), we analysed the water diffusion in the brain of 
10 underweight and weight-restored adolescent girls with anorexia nervosa in 
comparison to healthy control participants using diffusion tensor imaging. The 
participants were the same as those included in the analysis of grey matter volumes in 
Chapter 2. Regional differences appeared in areas of the cingulate cortex, parietal 
association cortices, insula, fornix, hippocampus, and thalamus, among others. A short 
period of weight restoration prompted water diffusion changes to normalize towards 
healthy control levels. Interestingly, the right caudate nucleus, which continued to 
show altered grey matter volumes after treatment in our previous study, presented the 
initial signs of water diffusion recovery. These findings suggest that early reversal of 
starvation can reduce and prevent further neurological alterations in people with 
anorexia nervosa.  
Overall, the present dissertation outlines significant brain abnormalities in 
adolescent girls with anorexia nervosa. The use of neuroimaging techniques of voxel 
based morphometry and diffusion tensor imaging indicate alterations in cortical and 
subcortical regions. The abnormalities in the cingulate cortex, parietal association 
cortices, and insula, among other regions, have been linked to typical features of 
anorexia nervosa which could possibly explain the pathophysiology of the disorder. 
Weight restoration treatment begins to normalize these brain alterations and provides 
advantageous psychological and physiological changes. Factors such as age, the length 
of treatment, and the stage of the disorder may be key features that influence the 
recovery process. Future studies should elucidate their specific impact and influence 
treatments accordingly. In sum, this dissertation provides a framework of the brain 
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structure in adolescents with anorexia nervosa and specifies factors that could 
intervene in the development of the disorder. 
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CHAPTER 1. INTRODUCTION 
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1.1. Anorexia nervosa: an overview 
Anorexia nervosa (AN) is an eating disorder that comprises severe restriction 
of energy intake leading to a significantly low body weight in the context of age, sex, 
developmental trajectory, and physical health. The person presents an intense fear of 
gaining weight or becoming fat, together with persistent behaviour that prevents 
weight gain. Furthermore, there is a disturbance in the way the body weight or shape 
is experienced, with an undue influence of body weight or shape on self-evaluation, or 
a persistent lack of recognition of the current low body weight (1). 
The diagnostic criteria distinguish between a restricting type and a binge eating 
or purging type. Regarding the restricting type, the person has not engaged in recurrent 
episodes of binge eating or purging behaviour (for example, self-induced vomiting or 
the misuse of laxatives, diuretics, or enemas) in the previous three months. The weight 
loss is accomplished through dieting, fasting and/or excessive exercise. Regarding the 
binge-eating or purging type, the individual has engaged in recurrent episodes of binge 
eating or purging behaviour during the previous three months. Crossovers between 
both subtypes, where the individual presents typical behaviours of a subtype and then 
exhibits behaviours related to the other subtype, are not uncommon (for example, 
starting to present a restrictive pattern and then exhibiting purgative behaviour) (2).  
 
1.1.1. Epidemiology 
Anorexia nervosa is a public health problem that, combined with other eating 
disorders, affects approximately 9% of the Australian population. World-wide 
anorexia nervosa occurs in about 1.01% of the general population (3,4). The point 
prevalence among young females ranges between 0 to 0.9% with an average of 0.29% 
(5) and the lifetime prevalence is 1.2%, 1.9% and 2.2% in community samples of twin 
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women in Sweden, Australia, and Finland, respectively (6-8). Anorexia nervosa occurs 
in culturally diverse populations, although it is more prevalent in post-industrialised, 
high-income countries such as the United States, Canada, many European countries, 
and Australia. However, studies point out that rates of anorexia nervosa are also 
increasing in non-Western and developing countries (9).  
The lifetime prevalence of anorexia nervosa is 0.69 in females and 0.19 in 
males (4,10-12). Women report higher presence of eating disorder symptoms, utilising 
both classical and new eating disorder symptom evaluation instruments (13-15). The 
social pressures that link the ideal of beauty to thinness in women likely influence the 
prevalence of eating disorder symptoms (16,17). Dieting and weight control seem to 
be more frequent behaviours shown by women in today’s society than the Rubenesque 
women of the 17th century. In fact, Hay et al. (18) found an increasing prevalence of 
eating disorder behaviours over a 10-year period since 1995 in a community sample 
of men and women of South Australia and further increases over the next decade (19). 
However, certain studies consider that the population affected by anorexia nervosa is 
underestimated and underrepresented due to the scarcity of large community samples 
(20).  
Anorexia nervosa presents a variable course with frequent fluctuating periods 
of weight gain, relapses, and sometimes chronicity (21). It is the third most common 
chronic illness in adolescents, and its risk of mortality is higher than in any other eating 
disorder (22). In comparison to the general population, the mortality rate of people 
with anorexia nervosa is 12 times higher than the annual death rate due to all causes 
of death for females of 15-24 years old and more than 200 times higher considering 
the suicide rate (23). When considering psychiatric comorbidities, the mortality ratio 
is even higher in anorexia nervosa (24). Sometimes the cause of death is not always 
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accurately reported and is likely under or over-reported because of the number of 
complications associated with the disorder (25).   
Anorexia nervosa is very common in adolescence and presents its peak-onset 
between 15-17 years (26). In recent generations, girls have begun to develop anorexia 
nervosa at younger ages, with decreases in the age of onset from 18.6 years in 1970-
72 to 16.8 years in 1979-81 (27). An early age of onset anorexia nervosa has been 
linked to poorer outcome features such as lower body mass index (BMI) and absent or 
scanty menstruation (28). The increasing incidence of adolescents with anorexia 
nervosa has been reported in several studies across the world (22,29,30). During 
adolescence, the development of psychological and physiological characteristics 
prepares the individual for adulthood. The brain develops in a functional and structural 
way, increasing cognitive capacities and influencing behaviour (31). Pubertal changes 
seem to increase the risk of developing eating disorders, according to both human and 
animal studies (32). In addition, psychosocial and sociocultural changes which move 
the individual from parental dependence to individual autonomy may add an extra 
vulnerability (33).   
 
1.1.2. Clinical and other features  
Anorexia nervosa is associated with anxiety and depression symptoms, which 
are aggravated when body weight is very low (34,35). Obsessive-compulsive features 
can be prominent, such as recurring thoughts about what to eat in the next meal, as 
well as thoughts that are unrelated to food (36). Inflexible thinking, low self-esteem, 
lack of interest in sex, and alexithymia (difficulty expressing one’s emotions) are also 
commonly exhibited (37). Denial of the symptomatic experience and recognition of 
the disorder is often present in the first stages of anorexia nervosa (38). It also has a 
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high comorbidity with other mental health disorders, like anxiety, mood, and 
personality disorders (39,40).    
In most cases, severe medical complications occur, such as amenorrhea, loss 
of bone mineral density, muscle weakness, fainting and fatigue, hair loss, dry skin, 
gastrointestinal motility disturbances, the appearance of lanugo, and electrolyte 
imbalance (41). Some of these symptoms decrease after weight restoration treatment, 
but others may remain (42). In advanced stages of the disorder bradycardia, 
hypotension, hypothermia, dehydration, orthostatic instability, and cardiac arrhythmia 
can occur, and hospitalisation may be necessary (43). 
Anorexia nervosa affects the individual’s daily activity, impacting his or her 
quality of life and ability to seek treatment (44). There is often interference with social 
and occupational activities with poor quality of life found in people with self-reported 
history of anorexia nervosa (45). For example, a person with anorexia nervosa may 
prefer to isolate herself instead of sharing a meal with people. The starvation may make 
the person unable to concentrate and work normally. Furthermore, family relationships 
are frequently affected, with parents, siblings, and relatives “lost” in the management 
of the eating disorder’s manifestation (46). A person with anorexia nervosa can exhibit 
mood swings and changes in behaviour around family members struggling to deal with 
it. For instance, a previously pleasurable gathering with the family is now avoided due 
to the fear of losing control over food.  
The treatment usually follows a multidisciplinary approach in which 
nutritional, psychological, medical, and familiar rehabilitation are included. Weight 
restoration is one of the priorities since the Body Mass Index (BMI) is a key 
determinant of recovery from anorexia nervosa (47,48). In cases in which the person 
has been hospitalised due to the severity of the eating disorder condition, the nutritional 
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management of anorexia nervosa aims for an initial refeeding that will be followed by 
structured meal plans according to the daily requirements of the person (49,50). 
Regarding psychological treatments, there is growing evidence of the efficacy of 
family-based therapy for adolescents and children. This requires intense involvement 
of the family from the beginning of the treatment (51). Other effective psychological 
models include enhanced cognitive behaviour therapy, focal psychodynamic 
psychotherapy, Maudsley Model of Anorexia Nervosa Treatment for Adults 
(MANTRA) and specialist supportive clinical management (52,53).    
 
1.2. Neurobiological factors involved in anorexia nervosa 
The aetiology of anorexia nervosa is complex, with psychological, 
environmental, and biological factors all seeming to contribute (54). In recent  decades, 
multiple studies have pointed their focus towards the investigation of biological 
variables such as neurocognitive impairments and changes in brain structure (55). The 
weak ability to globally integrate information, the heightened focus on detail, the weak 
central coherence, and difficulty shifting attention are common vulnerabilities of 
anorexia nervosa (56). They may interrelate with difficulties in social cognition, such 
as the ability to attribute mental states to oneself or others, known as ‘theory of the 
mind’ (for instance, difficulty in attributing desire, knowledge, or belief to oneself) 
(57,58). Some of these features may be inherited and predisposed to the eating 
disorder, exacerbating the starvation. On the other hand, structural differences have 
also been found in different components of the brain. Changes in cerebrospinal fluid 
volumes, grey matter volume, white matter volume, and water diffusivity appear 
during the underweight state of the disorder (59). However, the underlying causes of 
these changes are unclear, and a more rigorous analysis of the characterisation of these 
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abnormalities, especially in longitudinal samples of adolescents with anorexia nervosa, 
is needed. 
 
1.2.1. Early neuroimaging studies in the analysis of the brain structure in anorexia 
nervosa 
Neuroimaging techniques are useful tools in the study of the brain in people 
with anorexia nervosa. Different imaging tools can be applied to deepen the 
understanding of brain structure and function. In the particular case of the brain 
structure, the earliest studies opted for the use of computed tomography (CT), later 
continuing the research with magnetic resonance imaging (MRI). Computed 
tomography was able to examine the brain using ionizing radiation, generating images 
of the brain structure in a non-invasive way (60). The majority of the initial studies 
involved single cases and small sample sizes, mainly composed of adolescent girls 
with anorexia nervosa. Females with anorexia nervosa often presented sulcal widening 
and ventricular enlargement, which are both considered indicators of brain atrophy 
(61,62).  
Furthermore, the earliest studies also contemplated the brain changes after 
weight restoration in females with anorexia nervosa. They found reduction of the 
sulcal widening and ventricular enlargement after weight recovery treatment (63-66). 
However, Dolan et al. (67) didn’t find recovery of ventricular enlargement, exposing 
the possibility of either longer treatment or the irreversibility of the alterations as an 
intervening factor. Because computed tomography relies on the use of ionizing 
radiation, some concerns have been raised when repeated investigations are performed 
on the same individual (68). These results were dependent on either linear 
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measurements or qualitative visual inspections of the volume brain ratio, and they have 
been questioned due to their sensitivity to change when looking at diverse slices or 
angle scanning planes (69).  
Developments in technology have led to the use of magnetic resonance 
imaging (MRI) as a common imaging technique in the study of the anatomy and 
physiology of the body in both health and disease (70). MRI scanners use magnetic 
fields and radio waves to produce images of the body in multiple planes. Since MRI 
does not use ionizing radiation, its use is generally favoured in preference to CT. 
However, compared to CT, MRI is more expensive, time-consuming, and can 
exacerbate claustrophobia (71).  
The first MRI scans in anorexia nervosa confirmed the findings of previous CT 
reports, finding alterations in the ventricles (72). The majority of these brain 
abnormalities recovered after weight restoration, presenting  decreases in ventricular 
size and the increases in total brain volume (69,73,74). These studies associated the 
changes in body weight to modifications in the brain structure, seen by both altered 
and normalized brain areas. However, they were not able to explain the mechanism 
that the starvation employs in impacting brain structure.  
 
1.2.2. Recent neuroimaging studies in the analysis of brain structure in people with 
anorexia nervosa 
Advances in technology provided better image quality, improved throughput 
and faster exam times  using MRI scanning, which established it as one of the preferred 
diagnostic tools in neuroimaging (75). Following early studies, new MRI methods 
28 
 
allowed the study of brain structure with more sophisticated approaches, such as voxel 
based morphometry (VBM) and diffusion tensor imaging (DTI).  
Voxel based morphometry is a neuroimaging technique able of analysing the 
brain volume of two samples by comparing their tissues’ composition, such as the grey 
matter and the white matter (76). It is sensitive to structural differences because it 
removes positional and volume differences through spatial normalization (77). Brain 
images are then smoothed, and differences are detected by comparing specific 
locations in their grey matter or white matter maps using voxel-wise parametric 
statistical tests such as Statistical Parametric Mapping (78). VBM overcomes some of 
the limitations associated with earlier MRI analyses, since it can employ regional and 
total brain analysis approaches, focusing not just on selected regions, but considering 
others that could be involved in the pathophysiology of the disorder (79). 
The study of brain volume has found global reduction of grey matter and white 
matter volumes and an increase of cerebrospinal fluid in underweight women and 
adolescents with anorexia nervosa (80). However, not all the studies are consistent 
with these results, especially when considering regional differences (81). Besides, 
many of these studies were focused on adult samples and more studies in adolescents 
are needed. In a meta-analysis of volumetric studies performed in adolescents and 
adults with anorexia nervosa, brain regional reductions appear to be more prominent 
in adolescence, a critical stage for neurodevelopment and also a period with increased 
incidence and onset of anorexia nervosa (82).  
Some of the reported regional differences are located in the prefrontal cortex, 
cingulate cortex, parietal association cortices, insula, and striatum (55). These areas 
have been linked to starvation and other symptoms and behaviours typical of anorexia 
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nervosa. Specifically, the insula has been considered a key component in the 
development of anorexia nervosa due to its involvement in emotional responses to 
food, emotional processing, and awareness of internal and external body state (83-85). 
The parietal association cortex has been linked to the altered body perception, and it 
is believed that its alteration could explain the difficulties in appreciating one’s body 
size (86,87). Alterations in a particular frontoparietal-cingulate network have also been 
reported, and could be related to the severity of the disorder (88,89). Another 
projection of the frontal cortex is the striatum, which seems to be involved in the 
altered reward processes found in anorexia nervosa and could explain the persistence 
of maladaptive food choices (for example, the drive to starve oneself regardless signs 
such as fatigue, loss of concentration, etc.) (90,91). Furthermore, the prefrontal cortex 
is involved in executive functions such as response inhibition and attention allocation, 
and it is the last region to develop in the brain, occurring during adolescence. 
Alteration in this region may possibly explain the difficulty in inhibiting 
counterproductive thoughts and changing the focus of attention in anorexia nervosa 
(31,92).  
On the other hand, considering the recovery of these grey matter volume 
alterations, some studies have assessed the brain structure in anorexia nervosa after 
weight restoration. The majority of these studies have found global recovery of grey 
matter volumes in adults, but it is not clear if these findings are comparable to 
adolescents, due to the scarcity of studies (93). Some of them did find gradual recovery 
of grey matter volume reductions, but more longitudinal studies analysing brain 
changes in the same study sample are needed (94). Persistent grey matter decreases 
have been found in some women who have recovered from anorexia nervosa and 
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caution should be used when interpreting these findings until the appearance of more 
longitudinal studies in adolescents (89,95).  
Beyond the studies performed with VBM, recent studies have applied diffusion 
tensor imaging (DTI) in the analysis of the water diffusion in the brain. DTI assesses 
the ease of water movement in vivo and non-invasively, which can reflect 
microstructural alterations in the brain tissue (96). It has extensively been used in the 
study of neurodevelopmental disorders like schizophrenia, in the management of acute 
brain ischemia, and it is starting to be more applied in the study of mental health 
disorders (97,98). Since the water and tissue are interdependent components, alteration 
in one of them could reflect abnormalities in the other, underlying the physiological 
and pathological state of the individual (99,100).  
Different measures can be used to interpret water diffusion in the brain. Mean 
diffusivity (MD), also called apparent diffusion coefficient (ADC), provides the 
average of the water diffusion and can be affected due to obstacles in the diffusion, 
such as displaced molecules. On the other hand, fractional anisotropy (FA) indicates 
the directionality of the diffusion and depends on the presence of orientated structures 
like axons (101). MD and FA are interdependent parameters which can be measured 
in a range of 0 to 1, and in this sense, when one of them is high, the other will be 
reduced. Other complementary measures are axial anisotropy (AA) and radial 
anisotropy (RA), which provide information about the water diffusion in these 
orientations (99).  
In anorexia nervosa, early studies using DTI have generally found an increase 
of MD or a decrease of FA in several brain areas. Kazlouski et al. (102) was the first 
to provide the characterisation of water diffusion in anorexia nervosa, finding either a 
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decrease of FA or an increase of MD in the fimbria-fornix path, fronto-occipital 
fasciculus, cingulum, and parietal association cortex in underweight women. Since 
these regions are in limbic and association pathways, they are implicated in the 
disturbed feeding, emotion processing, and body image perception present in anorexia 
nervosa. Other studies of women with anorexia nervosa also found alterations in the 
cingulum and parietal association cortex (103). In a recent meta-analysis of FA 
differences in AN and healthy controls in studies using a voxel-based approach, the 
brain regions of corpus callosum, right caudate nucleus, thalamus, anterior thalamic 
projections, pons, cortico-spinal projections and left superior fasciculus presented 
lower FA and also smaller increases of FA in the right cortico-spinal projections and 
lingual gyrus in AN (104). It is important to consider that the majority of these studies 
were based in adults and only four of them in adolescents. Therefore, more studies in 
adolescents are needed to determine the difference in these changes between 
adolescents and adult samples. Further, Olivo et al. (105) didn’t find any differences 
in MD, FA or RD in adolescents with atypical anorexia nervosa (whose weight is in 
the normal range), suggesting that weight loss may be needed in the alterations of 
water diffusion and emphasizing the need for more studies with larger samples 
comparing participants of different weight with eating disorders.  
Regarding the recovery of water diffusion alterations after weight restoration 
treatment in adolescents with anorexia nervosa, two studies have shown the partial 
normalization of the water diffusion in adolescents with anorexia nervosa in frontal, 
parietal and temporal areas, and in the subcortical regions of the corpus callosum, 
corona radiata, and posterior thalamic radiation (106,107). In adult samples, alterations 
in frontal, parietal, insula, cingulum, and ventral striatum have been found after weight 
restoration (108,109). Nevertheless, the study of water diffusivity in anorexia nervosa 
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is still in its early stages, and it is not clear what abnormalities are consistent across 
samples. More studies capable of analysing the water diffusivity in the brain are 
needed in order to understand the relevance of the alterations (59).  
 
1.3. Rationale and general aims of dissertation 
With this overview, the rationale of the present dissertation considers: 
1. Brain abnormalities have been found in people with anorexia nervosa, and 
starvation seems to be an important factor. Differences in global grey matter 
volumes have been reported, and regional differences still need to be 
consistently established in adolescents. 
2. Neuroimaging techniques are rapidly evolving and positively influencing the 
understanding of the brain structure in anorexia nervosa patients. Diffusion 
tensor imaging has been applied in diverse neurological conditions but its 
application in anorexia nervosa is very recent and a clear identification of 
findings is needed. 
3. The analysis of the water diffusion in the brain provides information about the 
microstructural organization of the tissues that could reflect the 
pathophysiology of the organism. Existing studies about the analysis of the 
water diffusion in the brain in people with anorexia nervosa are mostly based 
on adult samples, while information about its characterisation in the adolescent 
brain is essentially non-existent. 
4. Weight restoration prompts brain changes that seem to influence the 
physiological and psychological status of the individual. The use of DTI in 
anorexia nervosa has not discerned yet if the recovery and normalization of the 
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water distribution in the brain could be achieved after weight restoration 
treatment in adolescents with anorexia nervosa. 
 
And consequently, the aims of the present dissertation are: 
1. The first study (Chapter 2) investigates brain volume in adolescents with 
anorexia nervosa. Brain volume differences were determined using voxel 
based morphometry in 26 underweight adolescent girls with anorexia nervosa 
in comparison to age and gender matched, healthy control volunteers. Brain 
volume changes were also determined after weight recovery treatment in 10 
adolescent girls and their relationship with improvements in symptomatology 
(published in European Journal of Neuroscience).  
2. The second study (Chapter 3) presents a systematic review of the available 
studies that applied diffusion tensor imaging as the main method of studying 
of anorexia nervosa. Six studies were retrieved from four electronic databases 
that assessed water diffusion in the brain in underweight and recovered 
participants. All but one studied adult samples, and all of the studies followed 
a cross-sectional design (published in World Journal of Psychiatry). 
3.  The third study (Chapter 4) investigates water diffusion in the brain of 
adolescents with anorexia nervosa. Water diffusion was determined by mean 
diffusivity maps in 26 underweight adolescent girls with anorexia nervosa in 
comparison to age and gender matched healthy control volunteers. Regional 
differences were determined (submitted for publication). 
4. The fourth study (Chapter 5) investigates water diffusion in the brain of 
adolescents with anorexia nervosa after weight restoration. Mean diffusivity 
maps of 10 underweight adolescents with anorexia nervosa who underwent a 
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short weight recovery treatment were analysed in comparison to 10 age and 
gender matched healthy control volunteers. Regional differences were 
determined (submitted for publication). 
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Abstract
Anorexia nervosa (AN) is a mental health disorder of complex aetiology. Previous neuroimaging studies have found consistent
global reductions in global grey matter volume of underweight girls with AN; however, differences in regional grey matter volumes
are less consistent. The aims of this study were to investigate grey matter regional volumes of adolescent girls with AN before
and after weight recovery and the relationship of any changes with clinical characteristics. We collected high-resolution T1-
weighted images from 26 underweight girls with AN before weight gain and 20 healthy control volunteers. Clinical features were
assessed using the Eating Disorder Examination Questionnaire. AN subjects displayed reduced grey matter volumes in the
insula, amygdala, prefrontal, hippocampal and cingulate cortices and the precuneus, relative to healthy controls. In a subset of 10
AN subjects who were followed after weight recovery, grey matter volumes increased to near-control levels in the orbito- and
medial prefrontal, insular, left hippocampal and mid- and posterior cingulate cortices and precuneus. The recovery of the right
anterior thalamus and the left orbitofrontal cortex was correlated with improvements in eating concerns and shape concerns,
respectively. However, large parts of the anterior cingulate cortex, caudate nuclei and right hippocampus did not display any grey
matter recovery following a short-term of treatment. These results show that in adolescents with AN, some brain regions display
marked recovery in grey matter volume following weight recovery, whereas others do not, considering grey mater recovery possi-
bly linked to symptom improvement.
Introduction
Anorexia nervosa (AN) is a mental health disorder characterised by
a restriction of energy intake, resulting in a significantly low body
weight relative to the person’s age and height (American Psychiatric
Association, 2013). Individuals pursue weight loss through restric-
tive dieting, compulsive exercise and purging and have a body
image disturbance characterised by overvaluation of weight and/or
shape. AN affects mostly women, with a range of 10 : 1 female–
male in Australia (Hay et al., 2015). Adolescence is a peak time for
its onset, and it is the third most common chronic illness at this
stage in life (Zipfel et al., 2015). Its disabling course generates sub-
stantial personal and societal costs with frequent medical complica-
tions and psychological impairment (Swanson et al., 2011;
Herpertz-Dahlmann, 2015).
AN is a disorder of complex aetiology in which genetic, biologi-
cal, psychological and sociocultural factors contribute (Jacobi et al.,
2004; Treasure et al., 2015). In the last decades, there has been an
increasing focus on biological factors with a growing use of neu-
roimaging to examine the relationship between changes in brain and
eating disorder psychopathology. Studies have linked changes in
various brain regions to explain features of the disorder (Kaye et al.,
2009), like fear of food and abnormal body image. Imaging and
neuropsychological studies have shown that people with AN
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experience food as a threat rather than pleasure, especially during
fasting (Santel et al., 2006; Giel et al., 2011). Imaging studies have
also shown that when viewing images of themselves, AN experience
a lack of significant regional activation in comparison with healthy
control individuals in cognitive-, perceptual- and emotional-related
processing areas which could explain their altered self-body percep-
tion (Sachdev et al., 2008; Madden, 2015). Finally, imaging studies
have demonstrated altered reward processing with a greater ability
to delay immediate food intake in favour of future reward (Stein-
glass et al., 2012) and deficits processing emotions (Hatch et al.,
2010).
Distinct neural circuitries have been proposed that modulate and
integrate the various emotional and cognitive processes that occur in
individuals with AN. One such circuitry lies within the ventral-lim-
bic system, which includes the amygdala, insula, ventral striatum,
ventral anterior cingulate cortex (ACC) and orbitofrontal cortex
(OFC), and serves to identify the emotional significance of a stimu-
lus and to produce an appropriate affective state and behavioural
response. In addition, the dorsal-cognitive system, including the hip-
pocampus, dorsal ACC and prefrontal cortex, is involved in the per-
formance of executive functions such as attentional control and
cognitive flexibility, and regulation of affective states (Phillips et al.,
2003a,b). Given that AN features disturbances in both emotional
and cognitive function, the involvement of these regions in the
course of AN could explain much of the specific symptomatology in
the condition such as inhibition, anxiety, depression, body image
distortion and alexithymia.
It is now well-established that brain alterations occur in under-
weight individuals with AN. In addition to global reductions in grey
matter volume, reductions in regional grey matter volume have been
reported in the hypothalamus, parietal lobe and dorsal striatum
(Titova et al., 2013). Most of these reports have resulted from stud-
ies in adults, with few studies conducted in adolescents. Studies in
adolescents have revealed grey matter volume reductions that are
more pronounced than those seen in adults (Seitz & Herpertz-Dahl-
mann, 2016). Given that AN has its onset primarily in adolescence
and the potential effects of chronic starvation on the developing
brain, it is important that a more complete and comprehensive pic-
ture of the brain changes associated with AN in adolescents be
obtained.
Some studies in adolescents with AN have reported a partial
restoration of regional grey matter volumes after a short-term weight
recovery and a normalisation of global grey matter volumes after a
long-term treatment (Castro-Fornieles et al., 2010; Mainz et al.,
2012; Bomba et al., 2015). However, it is important to note that
global normalisation of grey matter volume does not necessarily
reflect recovery of discrete regional grey matter volumes and hence
function in these areas. Persistent reductions in grey matter volume
within the ACC, supplementary motor area and precuneus have been
reported in weight-restored adults (M€uhlau et al., 2007; Joos et al.,
2011; Friederich et al., 2012). These findings may result from dif-
ferences in the age of the individual, chronicity of the eating disor-
der, AN subtype or, importantly, if they are related to improvements
in particular AN symptomatology. This is important to determine
and longitudinal studies in which the same individual is followed
during weight recovery treatment are needed.
Thus, our aim was to investigate grey matter volume differences
in a sample of underweight adolescent girls with AN before and
shortly after weight recovery compared to normal weight controls
(HC). Secondly, we explored putative associations between grey
matter volumes, eating disorder symptoms and age-standardised
body mass index (BMI). We hypothesise that underweight
participants with AN will have reduced grey matter volumes in 
comparison with HC participants in areas of the prefrontal cortex, 
cingulate cortex and striatum, which have been found to be 
reduced in previous studies and could possibly be involved in the 
symptomatology of the eating disorder and that, following weight 
recovery, these reduced grey matter volumes will increase towards 
control levels. Furthermore, we hypothesise that the greater the 
grey matter recovery, the greater the reduction in AN-related symp-
toms.
Material and methods
Participants
Twenty-six underweight adolescent girls diagnosed with AN 
(undAN) according to the Diagnostic and Statistical Manual of Men-
tal Disorders criteria (DSM-5) (American Psychiatric Association, 
2013) of < 3 years duration (mean  SEM age 16.5  0.25, range 
14–19 years, all females) and 20 age-matched healthy control volun-
teers (HC) (mean age: 17.25  0.33, range 14–19 years, all 
females) were recruited. There was no significant difference in age 
between groups (t-test, P > 0.05). AN subjects were recruited in the 
first week of their admission to a specialist paediatric eating disorder 
programme at the Children’s Hospital at Westmead (Sydney, Aus-
tralia). Treatment included refeeding, individual psychological sup-
port and preparation for the outpatient family-based therapy (Lock 
& Le Grande, 2013) including family meetings and psychoeduca-
tion. Girls with AN were refed initially with 24 to 72 h of continu-
ous nasogastric feeds ceased with daytime medical stability (heart 
rate > 50 bpm, blood pressure > 80/40 mmHg, temperature
> 36 °C, no cardiac arrhythmias and normal biochemistry). They
were followed by combination of nocturnal feeds and an oral meal
plan for a total intake of 2400 to 3000 kcal/day. The nasogastric
feeding duration was determined by markers of medical instability
(Madden et al., 2015a). They were managed on a specialist eating
disorder unit with a lenient behavioural programme which included
attendance to a hospital-based school, a daily adolescent group pro-
gramme and a second daily physiotherapy programme. They were
medically and psychiatrically reviewed on a daily basis, and sup-
portive psychotherapy was provided three times a week (Madden
et al., 2015b). HC participants were of a normo-weight range for
age, height and gender and did not have a current or past history of
an eating disorder or any major psychiatric disorder as assessed with
the Mini Structured Clinical Interview for the DSM (Sheehan et al.,
1998). Exclusion criteria for both undAN and HC were as follows:
suffering from claustrophobia, major neurological brain impairment/
injury, or current post-traumatic stress disorder, being in intensive
care, having a metallic implant or heart pace maker or either metal
chips or metallic eye clips, and/or having extensive dental work
involving metal. All participants had a magnetic resonance imaging
(MRI) brain scan and completed the Eating Disorder Examination
Questionnaire (EDE-Q) (Beglin & Fairburn, 1992) after being medi-
cally stabilised with normal biochemistry levels. Informed consent
was prior obtained from all participants and from their parents of
those under the age of 16. The study protocol received approval by
the Human Research Ethics Committees of Children’s Hospital at
Westmead, Western Sydney University and Westmead Hospital, fol-
lowing the principles stated in the World Medical Association of
Helsinki (1964 and following amendments).
As a secondary exploratory follow-up study, when undAN partici-
pants improved to at least 85% of their expected body weight (%
EBW) (Le Grande et al., 2012), they were asked to participate in a
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second MRI scan of the brain and repeat the EDE-Q. From the ini-
tial 26 undAN participants, 10 participants completed the second
MRI and questionnaire session (w-resAN). The second MRI session
was conducted on average of 67 days (range 13–294 days;  26.35
standard error of the mean; 38.5 median) following the first MRI
session.
Questionnaire
UndAN, w-resAN and HC participants completed the Eating Disor-
der Examination Questionnaire (EDE-Q) (Beglin & Fairburn, 1992)
to assess general eating disorder symptomatology. It provides sub-
scale scores reflecting the severity on which the behaviour has
occurred. The subscales are Restraint, Eating Concern, Shape Con-
cern and Weight Concern. The EDE-Q focuses on the past 28 days
and is scored using a 7-point, forced-choice, rating scheme. Eating
disorder behaviours are assessed in terms of the number of episodes
occurring during the past four weeks. Subscale scores and a global
score may similarly be derived from the 22 items addressing attitu-
dinal aspects of eating disorder psychopathology and Australian
community normative data for these are published (Mond et al.,
2006). The scale has acceptable internal consistency, test–retest reli-
ability and temporal stability. Its validity assessing the core attitudi-
nal features of eating disorder psychopathology in the general
population and in clinical samples has been demonstrated.
MRI acquisition and analysis
MRI scans were performed on a GE 3 Tesla HDxt Twinspeed mag-
net system. In each subject, a high-resolution T1-weighted image of
the brain in sagittal orientation was acquired (inversion recovery
prepared, spoiled gradient refocused gradient echo, TE = 3.2 ms,
TR = 8.3 ms, flip angle = 11 degrees, FOV = 25.6 cm, frequency/
phase matrix: 256/256, RBW 27.78 kHz, slice thickness = 1.0 mm;
voxel size: 1 mm3). Voxel-based morphometry analyses were per-
formed using STATISTICAL PARAMETRIC MAPPING software (version 12).
T1-weighted anatomical images were spatially normalised to the
Montreal Neurological Institute (MNI) template, segmented into
grey matter, white matter and cerebrospinal fluid; the grey matter
images were then modulated and smoothed using a 6-mm full-width
half-maximum Gaussian filter. A two-group, random-effects analysis
was performed to determine grey matter volume differences between
all 26 participants with AN and 20 HC volunteers, considering all
subjects as random (P < 0.05, false discovery rate corrected for
multiple comparisons). Age and total intracranial volume were
included as nuisance variables.
In addition, as part of the secondary follow-up exploratory study,
we conducted a smaller group analysis using only those AN subjects
in which we obtained both pre- and post-treatment MRI scans
(n = 10). Firstly, we compared grey matter volumes in these 10 AN
subjects with 10 age-matched HC participants using a two-group
random-effects procedure (P < 0.05, false discovery rate corrected
for multiple comparisons, total intracranial volume included as a
nuisance variable). We then compared undAN with w-resAN image
sets using a paired random-effects procedure (P < 0.05, false dis-
covery rate for multiple comparisons) to determine grey matter vol-
ume changes after weight recovery. Significant clusters were
overlaid onto a standard whole-brain template in MNI space, and
changes in grey matter volume were extracted and plotted for signif-
icant clusters in all groups. In addition, to determine whether there
were significant relationships between the grey matter volume
changes and modifications in symptomatology of participants with
AN before and after weight recovery, we performed linear regres-
sion analysis (P < 0.05 Bonferroni corrected for multiple compar-
isons). Finally, we determined those regions in which grey matter
volumes were (i) significantly reduced in undAN compared with
HC, (ii) those that then recovered following treatment and (iii) those
that did not recover by creating an overlap of the 10 undAN vs. 10
HC results and the 10 undAN vs. 10 w-resAN results. Grey matter
volumes of the resulting overlapping clusters, which indicate regions
that were reduced and then recovered during treatment, were
extracted for each individual and plotted and significant differences
between undAN and w-resAN determined (P < 0.05). In addition,
grey matter volumes for three regions that did not appear to recover
were extracted for each individual and plotted and significant differ-
ences between undAN and w-resAN determined (P < 0.05).
Results
In comparison with the HC group, undAN participants had a signifi-
cantly lower BMI and higher eating disorder symptoms (EDE-Q
Global score, EDE-Q Restraint, EDE-Q Eating Concern, EDE-Q
Weight Concern, EDE-Q Shape Concern) (Table 1). Following
weight recovery, the 10 undAN participants presented with consider-
able improvement in their eating disorder psychopathology and %
EBW. With the exception of the Weight Concern subscale of the
EDE-Q, all measures reported were not significantly different from
the HC group after weight increase.
Baseline study: comparison of grey matter volumes between
underweight participants with AN and HC
Both the larger group analysis (26 undAN vs. 20 HC) and the smal-
ler group analysis (10 undAN vs. 10 HC) revealed significantly
reduced grey matter volume throughout the brain in undAN partici-
pants (Fig. 1). These areas of reduced grey matter volume occurred
bilaterally in the OFC, dorsolateral prefrontal cortex (dlPFC), medial
prefrontal cortex (mPFC), anterior and posterior regions of the insu-
lar cortex and in the hippocampus. Reduced grey matter volumes
also occurred in undAN participants throughout the anterior (ACC),
mid- (MCC) and posterior (PCC) cingulate cortices and precuneus,
bilaterally. Subcortical regions, such as bilateral amygdala and thala-
mus, also had reduced grey matter volumes. In no brain region was
grey matter volume significantly greater in undAN participants com-
pared with HC. A two sample t-test analysis revealed that there was
no significant difference in total intracranial volume (all P < 0.05;
mean  SEM: HC 1.38  0.03, undAN 1.42  0.03) and total
brain volume (HC 1.18  0.02, undAN 1.13  0.02) between
groups. The locations, sizes and statistical significance of clusters
derived from the 10 undAN vs. 10 HC analysis are shown in
Table 2.
Secondary follow-up exploratory study: comparison of grey
matter volumes in a subsample of participants with AN before
and after weight recovery, comparison to HC and regression
analysis with symptomatology changes
In AN participants following weight recovery, grey matter volume
in a number of brain regions increased significantly (Fig. 2,
Table 3). Grey matter increases in w-resAN compared with undAN
occurred in the left OFC (mean  SEM undAN vs. w-resAN
0.50  0.03 vs 0.54  0.03); right mPFC (0.39  0.02 vs 0.41 
0.02), bilateral insular cortex (left: 0.50  0.02 vs 0.54  0.02;
right: 0.51  0.02 vs 0.55  0.02), MCC (0.45  0.02 vs
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0.47  0.02), PCC (0.50  0.02 vs 0.53  0.02), left hippocampus 
(0.25  0.02 vs 0.28  0.02), precuneus (left: 0.46  0.03 vs 
0.50  0.03; right: 0.46  0.03 vs 0.48  0.03) and occipital 
cortex (left: 0.41  0.02 vs 0.44  0.02; right: 0.37  0.02 vs 
0.41  0.02). Grey matter volume in the right anterior thala-
mus (0.13  0.01 vs 0.14  0.01) also increased after weight 
recovery.
A number of discrete brain regions that displayed significantly 
reduced grey matter volumes in undAN were no longer significantly 
different from HC following weight restoration (Fig. 3A). These 
regions include the left OFC (all P > 0.05; mean   SEM grey mat-
ter volume: HC 0.64  0.02, undAN 0.53  0.02, w-resAN 
0.56  0.02), bilateral dlPFC (left: HC 0.68  0.02, undAN 
0.56  0.02, w-resAN 0.60  0.02; right: HC 0.66  0.02, undAN 
0.54  0.03, w-resAN 0.57  0.03), right mPFC (HC 0.50  0.02, 
undAN 0.43  0.02, w-resAN 0.46  0.02), bilateral insular cortex 
(left: HC 0.63  0.02, undAN 0.53  0.02, w-resAN 0.57  0.02; 
right: HC 0.57  0.02, undAN 0.46  0.01, w-resAN 
0.50  0.01), MCC (HC 0.62  0.02, undAN 0.51  0.03, w-
resAN 0.55  0.03), PCC (HC 0.65  0.02, undAN 0.55  0.02, 
w-resAN 0.58  0.02), precuneus (left: HC 0.56  0.02, undAN 
0.47  0.03, w-resAN 0.50  0.03; right: HC 0.59  0.01, undAN 
0.48  0.03, w-resAN 0.51  0.03), occipital cortex (left: HC 
0.48  0.02, undAN 0.40  0.01, w-resAN 0.42  0.01; right: HC 
0.32  0.02, undAN 0.25  0.01, w-resAN 0.29  0.01), parietal 
association cortices (left: HC 0.72  0.03, undAN 0.51  0.04, w-
resAN 0.55  0.04; right: HC 0.61  0.02, undAN 0.48  0.02, 
w-resAN 0.52  0.02), left hippocampus (HC 0.31  0.01, undAN 
0.24  0.02, w-resAN 0.27  0.02) and right anterior thalamus 
(HC 0.19  0.01, undAN 0.14  0.01, w-resAN 0.15  0.01). 
Plots of individual grey matter volumes revealed a remarkably con-
sistent pattern of grey matter recovery in individual AN subjects 
towards controls levels following treatment and weight gain 
(Fig. 3B).
A number of brain regions continued to show significantly 
reduced grey matter volumes compared to HC even after weight 
recovery (Fig. 4A). These included a large region of the ACC (all 
P > 0.05; HC 0.62  0.02, undAN 0.52  0.02, w-resAN 
0.55  0.02), caudate nuclei (HC 0.30  0.01, undAN
0.25  0.01, w-resAN 0.25  0.01) and the right hippocampus
(HC 0.38  0.01, undAN 0.33  0.01, w-resAN 0.33  0.01)
(Fig. 4B).
To explore whether the increases of grey matter volume following
treatment were related to particular symptomatology changes, we
conducted regression analyses. Using grey matter volumes extracted
from the overlap between the 10 undAN vs. 10 HC results and the
10 undAN vs. 10 w-resAN results, we found significant linear corre-
lations, both positive and negative, in specific areas. Grey matter
increases following treatment in the right anterior thalamus were
negatively correlated to the presence of eating concern symptoms of
the EDE-Q and grey matter volumes in the left OFC were nega-
tively correlated to shape concern symptoms of the EDE-Q. Within
the MCC, PCC and precuneus, grey matter increases were positively
correlated to the increase in BMI (Table 4).
Discussion
The present study found reduced grey matter volume in underweight
adolescent girls with AN compared to HC participants in regions of
the frontal, temporal, parietal and occipital cortices and in subcorti-
cal areas. Abnormalities were found in the medial (mPFC) and dor-
solateral prefrontal (dlPFC), the insular and cingulate cortices, as
well as in the precuneus, hippocampus, thalamus, amygdala, caudate
nuclei and posterior parietal association cortices. After short-term
weight recovery, grey matter volumes increased in the left OFC,
right mPFC, bilateral insular cortex, right anterior thalamus, medial
and posterior cingulate cortices (MCC, PCC), precuneus and bilat-
eral occipital cortex. These grey matter volumes were comparable to
HC. In addition, the grey matter volume recovery in the right ante-
rior thalamus was correlated with decreases in eating behaviour con-
cerns and grey matter recovery in the left OFC was correlated with
decreases in concerns of body shape. The increase in BMI after
weight recovery was positively correlated with the grey matter vol-
ume increase of MCC, PCC and precuneus.
The overall pattern of grey matter reductions in adolescent AN
subjects prior to treatment is consistent with those reported previ-
ously in adolescents (Castro-Fornieles et al., 2010; Mainz et al.,
2012; Bomba et al., 2015). These reductions occurred in multiple
Table 1. Comparative demographic and clinical variables of all participants
Baseline study Secondary follow-up exploratory study
UndAN
Mean (SEM)
HC
Mean (SEM)
P (HC,
UndAN)
undAN
Mean (SEM)
w-resAN
Mean (SEM)
HC
Mean (SEM)
P (undAN,
w-resAN)
P (HC,
undAN)
P (HC,
w-resAN)
Sample size 26 20 10 10 – – –
Age 16.5 (0.25) 17.25 (0.33) 0.07 16.1 (0.33) – – –
AN subtype 24 ANr, 2 ANp – – 9 ANr, 1 ANp - – – –
BMI 16.67 (0.24) 22.60 (0.90) < 0.001*** 16.31 (0.33) 18.95 (0.27) 21.06 (0.85) < 0.001*** < 0.001*** 0.029*
EDE-Q Global
Score
3.87 (0.30) 1.30 (0.20) < 0.001*** 3.73 (0.50) 2.68 (0.57) 1.50 (0.24) 0.004** < 0.001*** 0.070
EDE-Q Restraint 3.78 (0.33) 1 (0.27) < 0.001*** 3.82 (0.63) 1.88 (0.49) 1 (0.38) 0.001** 0.001** 0.173
EDE-Q Eating
Concern
3.32 (0.29) 0.84 (0.23) < 0.001*** 3.08 (0.47) 2.14 (0.54) 0.82 (0.18) 0.033* < 0.001*** 0.032*
EDE-Q Weight
Concern
4.02 (0.32) 1.64 (0.26) < 0.001*** 3.72 (0.52) 3.1 (0.59) 1.86 (0.31) 0.059 0.007** 0.077
EDE-Q Shape
Concern
4.48 (0.32) 1.98 (0.33) < 0.001*** 4.22 (0.51) 3.6 (0.73) 2.06 (0.36) 0.043* 0.003** 0.075
Recovery time – – – 67.3 (26.35) – – – –
Significant differences are presented in the coloured grey cells. ANr, anorexia nervosa restrictive subtype; ANp, anorexia nervosa purgative subtype; BMI, body
mass index; EDE-Q, Eating Disorder Examination Questionnaire; HC, healthy control participants; w-resAN, weight-restored participants of anorexia nervosa;
SEM, standard error of the mean; undAN, underweight participants with anorexia nervosa. Statistical significance *P < 0.05; **P < 0.01; ***P < 0.001.
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regions of the cerebral cortex, including higher-order association
cortices – such as the insular, orbitofrontal and cingulate cortices
and related subcortical structures such as the amygdala. The pre-
frontal cortex is one of the last brain regions to develop and is
implicated in cognitive control processes such as working memory,
response inhibition and attention allocation (Casey et al., 2000;
Oberndorfer et al., 2011). During adolescence, these processes are
especially sensitive and can be enhanced or impaired (Somerville &
Casey, 2010). AN participants often exhibit rigid behaviour, present
an impaired ability to inhibit counterproductive thoughts and have a
difficulty in changing the focus of attention (i.e. the continuous
thoughts about the eating pattern) (Tchanturia et al., 2004). Differ-
ent studies have shown a reduction in frontal grey matter volumes
that could be related to these features (Gaudio et al., 2011; Fonville
et al., 2014; Fujisawa et al., 2015).
The insular cortex involvement is of particular interest as it is
involved in interoceptive processing, which provides an integrated
sense of the physiological condition of the entire body, linking cog-
nitive and affective processes (Craig, 2002; Paulus & Stein, 2006).
With exception of the occipital lobes, the pituitary gland and cere-
bellum, the insula is connected to all major regions of the brain. It
has been suggested that an insular dysfunction could underline pos-
sible aforementioned brain abnormalities (Nagai et al., 2007; Nunn
et al., 2011). In this sense, its bidirectional connections to the amyg-
dala (Reynolds & Zahm, 2005) and the OFC (€Ong€ur & Price, 2000)
have displayed reduced grey matter volumes in our AN subjects.
The amygdala is involved in the expression of fear and anxiety
and it also influences several emotional processes, such as emo-
tional learning and emotional regulation (Davis & Whalen, 2001;
Phelps & LeDoux, 2005), whilst the OFC is part of a reward learn-
ing circuit composed of multiple brain regions (Rolls, 2004; Frank,
2010). With this and other connections, the insula links internal and
external self-information, which is relayed to the ACC to display a
signal in order to allocate attention and planned behaviour (Botvi-
nick et al., 2004). Disruptions in these connections could help
explain the distorted sense of body size, common emotional prob-
lems such as anxiety and depression and altered cognition processes
that people with AN experience. For example, people with AN
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Fig. 1. (A) Grey matter volume differences between 10 undAN and 10 HC participants. (B) Grey matter volume differences between 26 undAN and 20 HC
participants. The cool colour scale indicates areas in which grey matter volumes are greater in HC and lower in undAN. ACC: anterior cingulate cortex; dlPFC:
dorsolateral prefrontal cortex; HC: healthy control participants; MCC: medial cingulate cortex; mPFC: medial prefrontal cortex; OFC: orbitofrontal cortex; PCC:
posterior cingulate cortex; undAN: underweight participants with anorexia nervosa.
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present misperception of visceral feedback such as feeling of full-
ness, and an inflexible cognitive pattern of thinking that prevents
them from modifying their behaviour (Madden, 2015; Treasure
et al., 2015).
Consistent with previous studies, our adolescent AN subjects also
showed reduced grey matter volumes in the MCC and PCC (Brooks
et al., 2011; Gaudio et al., 2011; B€ar et al., 2015). The anterior
MCC is involved in decision-making of emotional information,
whilst the posterior section is implicated in body orientation and
motor responses (Vogt, 2016). In contrast, the PCC has a major role
in visuospatial orientation and has been considered as a mediator of
self-conscious reflection which is devoted to the precuneus (Vogt
et al., 2006). The reductions in grey matter volume within these
regions could be related to the particular way of reflecting about
one’s body in girls with AN, often expressing a change in behaviour
and emotions.
The present study found reduced grey matter volumes in the pos-
terior parietal association cortices. In these regions, afferents from
different modalities are integrated to provide the perception of the
space and body (Grunwald et al., 2002; Fogassi & Luppino, 2005).
Previous neuroimaging studies have also found reductions in these
areas (Nico et al., 2010; Suchan et al., 2010; Gaudio et al., 2011).
Furthermore, a decrease in occipital regions was found in our sam-
ple of participants with AN. The parietal regions in combination
with the occipital cortex process visual information that is trans-
ferred subsequently to the temporal cortex for further integration
(Amianto et al., 2013; Madsen et al., 2013). It is possible that these
reductions are thus associated with the body image distortion experi-
enced by individuals with AN.
As part of the secondary follow-up exploratory study, following
weight recovery, AN participants displayed increases in grey matter
volume in the left OFC, insular cortex, cingulate cortex, precuneus,
left hippocampus and the right anterior thalamus. These changes
were extremely consistent across subjects, with grey matter recovery
in these regions occurring in 9 of the 10 AN subjects that were
investigated prior to and following treatment. We found that the
magnitude of grey matter volume recovery in a number of these
regions was significantly correlated with recovery in AN symptoma-
tology. A significant negative linear correlation occurred between
grey matter volume recovery in the right anterior thalamus and the
presence of cognitive eating concerns. That is, the greater the grey
Table 2. Montreal Neurological Institute coordinates, cluster sizes and t
scores for regions of significant difference between 10 underweight partici-
pants with anorexia nervosa (undAN) and 10 healthy control (HC) partici-
pants
Brain region X Y Z t value Cluster size
Left amygdala 18.5 1.50 24 10.49 70 926
Left caudate nucleus 13.5 9 19.5
ACC 3 36 0
MCC 10.39 15.85 38.24
PCC 0 46.83 17.57
Left insular cortex 39 1.5 9
Right insular cortex 45 1.5 7.5
Left hippocampus 30 40.5 1.5
Left occipital cortex 9 94.5 9
Right occipital cortex 19.5 99 9
Left OFC 36 36 12
Right OFC 36 39 10.5
Left parietal
association cortex
26.19 76.87 31.09
Right parietal
association cortex
29.53 76.87 31.09
Left precuneus 4.5 57 51
Right precuneus 7.5 51 64.5
Left dlPFC 45.63 34.71 22.62
Right dlPFC 40.82 48.56 21.08
Left mPFC 15 57 12
Right mPFC 16.5 58.5 10.5
Left thalamus 4.50 11.54 14.98
Right thalamus 7.5 3 6
Right amygdala 25.5 1.5 21 4.21 604
Right caudate nucleus 15 9 21 5.60 523
Right hippocampus 30 37.5 6 4.75 525
ACC, anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; HC,
healthy control participants; MCC, medial cingulate cortex; mPFC, medial
prefrontal cortex; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex.
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Fig. 2. Grey matter volume differences between 10 undAN and 10 w-resAN. The hot colour scale indicates areas in which grey matter volume increases in w-
resAN. MCC: medial cingulate cortex; mPFC: medial prefrontal cortex; PCC: posterior cingulate cortex; OFC: orbitofrontal cortex; w-resAN: weight-restored
participants of anorexia nervosa; undAN: underweight participants with anorexia nervosa.
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matter recovery, the lower the presence of concerns about the eating
behaviour, such as preoccupation with eating or calories, eating in
social situations, eating in secret, fear of losing control over eating
and feeling guilty about eating. It is well-known that the anterior
thalamus projects extensively to the ACC and OFC and contributes
to emotional and executive functions (Child & Benarroch, 2013).
Although grey matter recovery in the OFC was not correlated with
eating concerns, it was significantly negatively correlated with the
presence of shape concerns. That is, the greater the grey matter
recovery, the lower the presence of concerns about the body shape,
like dissatisfaction about seeing their own body shape, fear of
becoming fat, judgement of oneself based on body shape and avoid-
ance of situations of body exposure (e.g. when swimming).
In addition to significant relationships between grey matter recovery
and eating disorder psychopathology, we found that recovery of grey
matter volume in a number of regions was significantly correlated to
increases in BMI following weight restoration. Positive relationships
with grey matter volume and BMI recovery occurred in the MCC,
PCC and precuneus. As we have previously discussed, the cingulate
cortex receives sensory inputs from the thalamus which are sent to
posterior areas (Herrero et al., 2002). In this regard, the MCC pro-
cesses body-orientation information and sends it to the PCC, which
combines it with autobiographical and contextual information. Then,
the information is sent to the precuneus which creates a final represen-
tation of the person. It seems that grey matter recovery in these regions
is more sensitive to weight recovery which could be as well in part
due to the afferents that these structures receive, such as visual, propri-
oceptive or somatosensory information.
Whilst a number of regions displayed grey matter recovery follow-
ing treatment, a number of regions also remained at pre-treatment
levels even after weight recovery. Areas including the ACC, caudate
nuclei and the right hippocampus did not display any significant
increases in grey matter volumes following treatment. Friederich et al.
(2012) also reported reduced grey matter volumes in the ACC follow-
ing weight recovery. M€uhlau et al. (2007) suggested that the ACC is
related to the severity of AN and plays an important role in the
pathophysiology of AN. In our weight-restored AN participants, vol-
umes of the amygdala bilaterally, right hippocampus and caudate
nuclei also remained significantly reduced. Among other functions,
the dorsal striatum is involved in emotional and cognitive functions
(Rolls, 1994) and decreased caudate (Mainz et al., 2012) and putamen
(Bomba et al., 2015) volumes have been reported in adolescents with
acute AN. In contrast to our results, Mainz et al. (2012) reported
increases in right caudate volume in short-term weight-restored ado-
lescents and Friederich et al. (2012) reported volume recovery of the
putamen in long-term weight recovery AN women. It is possible that
the participants’ characteristics, such as history of the eating disorder
and length of weight recovery, could have influenced these results and
that a longer recovery period is required for certain brain regions to
recover. Bang et al. (2016) recently reported no significant grey mat-
ter volume differences between long-term weight-restored women
with AN, whereas a study of 7-month weight-restored AN adolescents
(Castro-Fornieles et al., 2010) and another study of 50 days of
weight-restored women (Roberto et al., 2011) showed that grey mat-
ter volumes significantly increased following weight recovery, but
nevertheless remained lower than those of HC. Additionally, it is pos-
sible that some brain regions remain irreversibly altered even follow-
ing weight restoration. It might be that areas that do not show
recovery were significantly different to HC prior to eating disorder
onset and are responsible for the initiation of the condition itself. It is
well-established that individuals with AN exhibit long-lasting signs
and symptoms that may be ‘scars’ of an eating disorder and with these
the desire for thinness and dietary preoccupation frequently persist
(Casper, 1990; Fichter et al., 2006; Wagner et al., 2006). As we have
previously discussed, several researchers consider areas such as the
ACC as being crucial components of the AN condition (M€uhlau et al.,
2007; Friederich et al., 2012; Titova et al., 2013), and it is possible
that persistent AN symptoms are associated with persistent regional
anatomical alterations. Finally, it is possible that in adolescents, some
regions recover when the brain is more susceptible to modifications
due to the developmental stage.
Grey matter volume differences found in this study between
underweight girls with AN and HC participants could depict several
alterations due to weight loss underlying other eating disorder symp-
toms such as morbid body image preoccupations. It is unknown
whether the presence of reduced neuronal and glial cells (Neum€arker
et al., 1997; Ehrilch et al., 2008), water diffusion changes affecting
myelination processes (for a review see Martin Monzon et al.,
2016), neurotransmitter’s dysfunction influencing synaptic and neu-
ronal plasticity activities (Barbarich et al., 2003; Bailer & Kaye,
2011; Kontis & Theochari, 2012) could influence the grey matter
volume changes. On the other hand, it is important to highlight that
grey matter volumes rapidly increased with weight restoration in our
explorative follow-up study. The changes in grey matter volumes of
the underweight and weight-restored girls of AN are likely to be
affected by either the effects of the starvation or the eating disorder
symptoms, as it is virtually impossible to disentangle them. Prompt
treatment is likely important for its neurological as well as psycho-
logical benefits. However, some brain areas did not increase in grey
matter volumes with weight gain. We could infer that these regions
may need a longer recovery time or that they have been perma-
nently damaged by the eating disorder. Another possibility could be
that these regions had reduced grey matter volumes prior to the
development of the condition. Further longitudinal studies should
investigate the aforementioned brain regions in more detail using
complementary measures to brain volume, such as diffusion tensor
imaging, in the light of a great understanding of the complexity of
anorexia nervosa brain’s pathology.
Table 3. Montreal Neurological Institute coordinates, cluster size and t
score for regions of significant difference between 10 undAN and 10
w-resAN
Brain region X Y Z t value Cluster size
MCC 3 18 28.5 6.22 179
PCC 6 48 18 5.85 132
Left insular cortex 40.5 3 10.5 17.95 4578
Left parietal
association cortex
25.69 74.56 31.50
Right parietal
association cortex
31.83 78.41 31.50
Left dlPFC 42.57 36.25 18.77
Right dlPFC 47.93 31.63 20.31
Right insular cortex 43.5 1.5 7.5 13.21 3654
Left hippocampus 34.5 39 6 4.60 32
Left occipital cortex 30 93 16.5 7.85 287
Right occipital cortex 12 91.5 16.5 7.38 366
Left OFC 36 28.5 15 9.03 666
Left precuneus 9 61.5 54 8.31 119
Right precuneus 7.50 55.5 55.5 7.90 15
Right mPFC 16.5 55.5 15 8.64 29
Right anterior thalamus 6 1.5 6 4.58 13
dlPFC, dorsolateral prefrontal cortex; MCC, medial cingulate cortex; mPFC,
medial prefrontal cortex; PCC, posterior cingulate cortex; OFC, orbitofrontal
cortex; w-resAN, weight-restored participants of anorexia nervosa; undAN,
underweight participants with anorexia nervosa.
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Limitations
This study has a number of limitations. A larger sample of partici-
pants would have been desirable, particularly during the post-treat-
ment phase to increase statistical power. Furthermore, it is important
to consider the influence of recovery time on grey matter restoration.
On average, the 10 adolescent girls with AN reached 85% EBW fol-
lowing 67 days of treatment. It is possible that greater weight gain
for a longer period of time would result in a more extensive regional
grey matter recovery.
We found a statistical trend in the regression analysis when grey
matter volumes in regional areas such as the right anterior thalamus
and left orbitofrontal cortex increased after treatment and the relapse
of eating disorder symptoms (Eating Concern and Shape Concern,
respectively). It is possible that the data present a statistical error
type I due to the several regression analysis performed which could
have affected the results. We also acknowledge the possibility of
having a statistical error type II due to the small number of partici-
pants in our w-resAN sample.
The small longitudinal study included within the larger samples
of AN and HC subjects has added valuable data which increases the
current knowledge about brain alterations in adolescent girls who
experience AN. Our study responds to an expressed need for more
longitudinal studies to understand the interplay between the brain
development and the AN condition (Mainz et al., 2012; Bomba
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Fig. 3. (A) Overlap between grey matter volume differences of 10 undAN < 10 HC and grey matter volume increases of 10 w-resAN > 10 undAN. The green
colour indicates grey matter volumes that increase in participants with AN and are comparable to grey matter volumes of HC. (B) Graphs of individual subjects
for grey matter values of the left insula, left hippocampus and PCC. dlPFC: dorsolateral prefrontal cortices; HC: healthy control participants; MCC: medial cin-
gulate cortex; mPFC: medial prefrontal cortex; PCC: posterior cingulate cortex; OFC: orbitofrontal cortex; w-resAN: weight-restored participants of anorexia
nervosa; undAN: underweight participants with anorexia nervosa.
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Table 4. Regression analysis of grey matter volumes which increased after weight restoration and EDE-Q subscales and BMI values of 10 w-resAN that were
comparable to HC
Brain region EDE-Q Restraint
EDE-Q Eating
Concern
EDE-Q Weight
Concern
EDE-Q Shape
Concern EDE-Q Global Score BMI
MCC R2 = 0.10 p = 0.36 R2 = 0.14 p = 0.28 R2 = 0.22 p = 0.17 R2 = 0.18 p = 0.22 R2 = 0.27 p = 0.12 R2 = 0.55 p = 0.01
PCC R2 = 0.00 p = 0.99 R2 = 0.07 p = 0.45 R2 = 0.03 p = 0.66 R2 = 0.06 p = 0.50 R2 = 0.03 p = 0.64 R2 = 0.55 p = 0.01
Left insular cortex R2 = 0.03 p = 0.65 R2 = 0.00 p = 0.90 R2 = 0.05 p = 0.53 R2 = 0.22 p = 0.18 R2 = 0.00 p = 0.91 R2 = 0.26 p = 0.13
Right insular cortex R2 = 0.06 p = 0.51 R2 = 0.18 p = 0.22 R2 = 0.19 p = 0.20 R2 = 0.18 p = 0.22 R2 = 0.20 p = 0.19 R2 = 0.27 p = 0.12
Left hippocampus R2 = 0.09 p = 0.41 R2 = 0.01 p = 0.76 R2 = 0.02 p = 0.67 R2 = 0.03 p = 0.62 R2 = 0.00 p = 0.99 R2 = 0.58 p = 0.01
Left occipital cortex R2 = 0.04 p = 0.58 R2 = 0.02 p = 0.70 R2 = 0.00 p = 0.87 R2 = 0.04 p = 0.58 R2 = 0.00 p = 0.91 R2 = 0.13 p = 0.30
Right occipital cortex R2 = 0.02 p = 0.68 R2 = 0.18 p = 0.22 R2 = 0.54 p = 0.01 R2 = 0.16 p = 0.26 R2 = 0.28 p = 0.12 R2 = 0.00 p = 0.98
Left OFC R2 = 0.00 p = 0.97 R2 = 0.36 p = 0.06 R2 = 0.17 p = 0.24 R2 = 0.41 p = 0.05 R2 = 0.21 p = 0.19 R2 = 0.09 p = 0.39
Left parietal
association cortex
R2 = 0.00 p = 0.79 R2 = 0.00 p = 0.93 R2 = 0.00 p = 0.93 R2 = 0.01 p = 0.76 R2 = 0.00 p = 0.82 R2 = 0.28 p = 0.11
Right parietal
association cortex
R2 = 0.03 p = 0.60 R2 = 0.07 p = 0.45 R2 = 0.06 p = 0.49 R2 = 0.08 p = 0.43 R2 = 0.08 p = 0.41 R2 = 0.55 p = 0.01
Left precuneus R2 = 0.01 p = 0.75 R2 = 0.01 p = 0.74 R2 = 0.04 p = 0.54 R2 = 0.10 p = 0.37 R2 = 0.05 p = 0.52 R2 = 0.08 p = 0.43
Right precuneus R2 = 0.28 p = 0.12 R2 = 0.09 p = 0.39 R2 = 0.03 p = 0.62 R2 = 0.03 p = 0.66 R2 = 0.17 p = 0.24 R2 = 0.44 p = 0.03
Left dlPFC R2 = 0.00 p = 0.80 R2 = 0.00 p = 0.84 R2 = 0.01 p = 0.76 R2 = 0.11 p = 0.35 R2 = 0.00 p = 0.82 R2 = 0.50 p = 0.02
Right dlPFC R2 = 0.17 p = 0.24 R2 = 0.13 p = 0.31 R2 = 0.03 p = 0.66 R2 = 0.00 p = 0.86 R2 = 0.12 p = 0.34 R2 = 0.15 p = 0.27
Right mPFC R2 = 0.10 p = 0.36 R2 = 0.01 p = 0.76 R2 = 0.04 p = 0.56 R2 = 0.01 p = 0.72 R2 = 0.02 p = 0.69 R2 = 0.09 p = 0.37
Right anterior
thalamus
R2 = 0.02 p = 0.68 R2 = 0.50 p = 0.02 R2 = 0.22 p = 0.17 R2 = 0.02 p = 0.69 R2 = 0.18 p = 0.22 R2 = 0.14 p = 0.28
All regression analysis were performed with a degree of freedom = 1.8 and a number of observations = 10. Brain regions whose increase in grey matter volumes after
weight restoration significantly correlated with subscales of the EDE-Q and BMI. Significant linear relationships are shaded in grey colour. BMI: Body mass index;
EDE-Q: Eating Disorder Examination Questionnaire; dlPFC, dorsolateral prefrontal cortex; MCC: medial cingulate cortex; mPFC, medial prefrontal cortex; PCC, poste-
rior cingulate cortex; OFC, orbitofrontal cortex; w-resAN, weight-restored participants of anorexia nervosa; undAN, underweight participants with anorexia nervosa.
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Fig. 4. (A) Overlap between grey matter volume differences of 10 undAN < 10 HC and grey matter volume increases of 10 w-resAN > 10 undAN which
shows the ACC, caudate nuclei and right hippocampus. The blue colour indicates grey matter volumes that remain decreased in weight-recovered participants
of AN and are not comparable to grey matter volumes of HC. (B) Graphs of individual subjects for grey matter volumes of the ACC, caudate nuclei and right
hippocampus. ACC: anterior cingulate cortex; R hippocampus: right hippocampus.
© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 46, 2297–2307
Grey matter volume in anorexia nervosa 2305
et al., 2015). Previous studies have found mixed results which could
be due to diverse methodologies, such as sample characteristics and
the implemented measures.
Conclusions
We have demonstrated that adolescent girls with AN exhibit
decreased grey matter volumes in specific cortical and subcortical
areas. Recovery of grey matter does occur with treatment and
improvements in body weight, but it is incomplete following short-
term of weight recovery. Importantly, despite the short period of
weight recovery, we have found a significant association between
recovery of grey matter volume in specific areas and a decrease in
eating disorder symptoms. This lends support to the utility of weight
gain treatment not just for its physiological benefits but also for its
psychological benefits.
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Abstract
AIM: To identify findings concerning white matter (WM) 
fibre microstructural alterations in anorexia nervosa 
(AN). 
METHODS: A systematic electronic search was under-
taken in several databases up to April 2015. The search 
strategy aimed to locate all studies published in English 
or Spanish that included participants with AN and which 
investigated WM using diffusion tensor imaging (DTI). 
Trials were assessed for quality assessment according 
to the Preferred Reporting Items for Systematic Reviews 
and Meta-analyses checklist and a published quality 
index guideline. 
RESULTS: A total of 6 studies met the inclusion criteria, 
four of people in the acute state of the illness, one 
included both recovered and unwell participants, and 
one included people who had recovered. Participants 
were female with ages ranging from 14 to 29 years. All 
studies but one measured a range of psychopathological 
features. Fractional anisotropy and mean diffusivity 
were the main DTI correlates reported. Alterations 
were reported in a range of WM structures of the limbic 
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system, most often of the fornix and cingulum as well as 
the fronto-occipital fibre tracts, i.e. , regions associated 
with anxiety, body image and cognitive function. Subtle 
abnormalities also appeared to persist after recovery.
CONCLUSION: This diversity likely reflects the sym-
ptom complexity of AN. However, there were few 
studies, they applied different methodologies, and all 
were cross-sectional. 
Key words: Eating disorder; Diffusion tensor imaging; 
Weight/shape overvaluation; Food anxiety
© The Author(s) 2016. Published by Baishideng Publishing 
Group Inc. All rights reserved.
Core tip: The present systematic review identifies the 
latest research on white matter (WM) brain alterations in 
anorexia nervosa (AN). The WM architecture has been 
poorly understood due to its structure forming deep 
parts of the brain. It transmits information between 
cortical and subcortical structures. New advances in 
imaging methods with diffusion tensor imaging, allow 
its characterization and integrity analysis. Alterations in 
areas of fornix, cingulum, corpus callosum, cerebellum, 
superior longitudinal fasciculus and thalamus have been 
found in AN. They could be related to symptoms like 
anxiety, body image perception, reward processing and 
cognitive abilities.
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INTRODUCTION
Anorexia nervosa (AN) is a serious illness and has the 
highest standardized mortality ratio of all psychiatric 
disorders[1]. According to the DSM-5 criteria, a person 
in the sick state is underweight for their for age and 
height, fears gaining weight or becoming fat, and 
persists in behaviours to avoid weight gain, and weight/
shape overvaluation or body image disturbance[2]. In 
young people it is the third commonest chronic illness 
and has a mortality rate 12 times higher than the death 
rate from all causes in young women[3]. In addition to 
acute effects of self-starvation there may be severe long 
term medical and psychological sequalae[4].
AN is multidetermined, and as well as psychological 
and environmental aetiologies, there is increasing 
evidence for biological underpinnings of its pathophy-
siology[5]. These include genetic, neuroendocrinologic 
and metabolic pathways. Furthermore, studies of the 
brain structure in this mental disorder have identified 
structural abnormalities. Severely underweight indivi-
duals with AN have altered brain function that is 
considered more profound than found in any other 
psychiatric disorder[6]. First computed tomography and 
then functional magnetic resonance imaging and other 
neuroimaging techniques have been used to study brain 
alterations in AN[7]. (FMRI measures the brain activity 
by detecting associated changes in blood flow, on the 
premise that cerebral blood flow reflects neuronal 
activation[8]). 
The mechanisms addressing brain alterations 
remains unclear, but changes in brain grey matter 
(GM) and white matter (WM) might underlie altered 
brain function and behaviour[9]. Both fibres are part 
of the central nervous system (CNS) which co-ordi-
nates basic activities of the human body. The GM is 
related to processing and cognition whilst the WM co-
ordinates different brain regions. The first studies found 
differences in the GM of AN compared to healthy people 
and other eating disorders. However, the peculiar 
architecture of WM and the limited availability of imaging 
methods to study the WM delayed its investigation. 
Now, new advances in imaging procedures such as 
diffusion tensor imaging (DTI) allow the study of the 
structure of WM and its implication in the pathology of 
AN. 
Volumetric brain imaging studies have been used to 
study GM and WM volume abnormalities in underweight 
adolescent and adult people with AN[10]. Several have 
reported loss of global and regional GM and often WM 
volume. After 2 or 3 d of dehydration these volumes are 
significantly lower, whereas hyperhydration is associated 
with higher GM and WM volumes[11].
Functionally connected brain regions utilising WM 
axons are considered to modulate higher order human 
behaviours, cognitions and emotions[12]. Investigating 
WM functionality thus may elucidate the cortical net-
works and circuitries that underpin the clinical features 
of AN. Kazlouski et al[13] (2011), were the first to use 
DTI to identify microstructural WM alterations in adults 
with AN. They found decreased fractional anisotropy (FA) 
in the cingulum, fronto-occipital and fimbria-fornix WM 
tracts. 
The normal maturation and reorganization of WM 
during adolescence and young adult years is thought 
likely to be disturbed and explain in part the onset 
of AN[14]. WM fibres such injured WM fibres may not 
recover in those with enduring illness and years of 
starvation[15]. Simultaneously, other studies associate 
nutritional status with quickly occurring GM and WM 
changes[11].
A variety of studies have previously used the DTI 
technology showing reduced FA in a multitude of 
regions across mood, psychotic, anxiety and substance 
use psychiatric disorders[16]. In AN, the limited research 
has just began to identify functionally related brain 
areas structures[13]. Therefore, added to the difficulty 
to identify AN prior to illness onset, it remains unclear if 
the structural brain abnormalities are a prerequisite or 
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consequence of the development of AN[5].
Rationale for the current review
Findings are very heterogeneous with respect to WM 
abnormalities regarding to brain region and behaviour-
relationship. Hence, the aim of the current systematic 
review is to critically examine and synthesise the existing 
research that has investigated WM microstructural 
alterations in individuals with AN using DTI. Specifically, 
the functions of implicated brain areas and relationships 
with psychopathological measures, and implications 
for understanding the pathophysiology of AN will be 
described. 
MATERIALS AND METHODS
Search strategy
The search strategy was designed to identify all studies 
of subjects with eating disorders in which microstructure 
of brain WM brain fibres was analysed through DTI. 
The literature search was conducted in November 17th 
2014 in SCOPUS and Pubmed electronic databases. The 
following search terms were used: “DTI” AND (“AN” OR 
“eating disorders”). All fields were included in order to 
expand the quest. Trials were incorporated if they were 
published in English and peer-reviewed. 
Secondly, we included an additional search in the 
Spanish language. In December 17th 2014, we intro-
duced the following terms on Lilacs and CSIC electronic 
databases: “imagen de tensor de difusión” Y (“anorexia 
nerviosa” O “trastornos de alimentación”). The findings 
were non-existent in in both of these databases. 
In order to update the search, on April 28th 2015 
we conducted a third data search on SCOPUS, PubMed, 
Lilacs and CSIC electronic databases. We used the 
terms previously described.
A total of 26 papers were retrieved, from which 8 
duplicates were removed. The studies were screened 
to determine the suitability according to this review 
by two authors independently. Data extraction and 
quality assessment were done by Beatriz Martin 
Monzon, checked for agreement by Nasim Foroughi and 
disagreements were reviewed by Phillipa Hay. According 
to the inclusion criteria, 7 papers were excluded based 
on the abstract, leaving a total of 6 articles for full 
review. A detailed map of the search strategy stage is 
shown in Figure 1.
Selection of the studies 
In order to prevent selection bias, the following inclusion 
criteria were decided on prior to the review. The studies 
should be: (1) published in a peer-reviewed journal; (2) 
available either in English or Spanish; (3) participants 
were over 14 years of age and under 65 years of age; 
(4) the experimental group should be composed of 
participants who met the diagnostic criteria for current 
or lifetime AN according to DSM-5 or DSM-IV criteria; 
(5) the control group should be composed of healthy 
participants; and (6) correlates of brain WM fibre were 
assessed using DTI measures. 
Papers were excluded if they were dissertations, 
review articles or abstracts. No restrictions were placed 
on year of publication, gender of participants and body 
mass index (BMI).
Quality assessment
This systematic review was conducted according to the 
Preferred Reporting Items for Systematic Reviews and 
Meta-analyses guidelines[17].
The final retrieved articles were assessed using the 
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Studies identified from searching 
English databases 
(28.04.15)
(n  = 26)
PubMed (n  = 10)
Scopus (n  = 16)
Studies identified from searching 
Spanish databases (28.04.2015)
(n  = 0)
Lilacs
CSIC
Studies after deleting duplicates 
(n  = 8)
Studies excluded after abstract screening
(n  = 12)
Abstract (n  = 1)
Non eating disorder pathology (n  = 8)
Review article (n  = 1)
Non clinical eating disorder sample (n  = 1)
Non published in English neither in Spanish (n  = 1)
Figure 1  Selection process of the retrieved studies. 
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All 6 papers used a cross-sectional design. Three 
studies used a Tesla scanner, 2 a Signa scanner and 
one a Siemens model scanner for the diffusion tensor 
templates. Five papers used self-report questionnaires 
to assess psychopathological characteristics and one did 
not report use of assessment instruments.
Table 3 presents the main outcomes of each study 
and author’s interpretation of the findings. Following 
the DTI procedures, the brain areas selected by the 
authors as possibly shown abnormalities are the fornix 
(and its connection to the fimbria tract), the cingulum, 
the thalamus (several nuclei), the superior longitudinal 
fasciculus, the corona radiata, the cerebellum and 
the fronto-occipital fibre tracts. Their main functions 
are emotion processing, body perception, reward 
processing, anxiety and cognitive style. 
Quality assessment
Overall, the studies met most of the quality criteria 
considered for this review (Table 4). A maximum score 
of 8 points based in a yes/no/partially scale response 
was developed to grade quality. The score range was 
from 4 to 7 points, with mean of 5.75 and SD of 1.57. 
Specifically, all the papers described the hypothesis 
or main study objective. The main outcomes to be 
investigated were clearly described in the Introduction 
Quality Index from Downs and Black[18]. The “checklist 
for measuring study quality” is a tool for assessing the 
quality of randomised and non-randomised trials, which 
provides a profile of their methodological strengths and 
weaknesses. It has reported high internal (KR-20: 0.89) 
and external consistency (KR-20: 0.54), tested using 
the Kuder-Richardson formula 20[19]. 
RESULTS
Description of studies
The 6 studies selected are indicative of the advances 
in the DTI technique for investigating WM fibre in AN 
patients. Table 1 presents the main characteristics of 
the included studies and Table 2 the characteristics of 
their participant samples. Three of the studies were 
nested in United States, one in Japan, one in Germany 
and another in Spain.
All the studies included a group of AN people and a 
control or healthy group. From this total, 2 studies also 
included recovered AN women as one of the groups of 
participants investigated. As inclusion criteria, it was 
mandatory to be diagnosed as AN according to the 
DSM-IV criteria and that the BMI was measured. All 
of them were comprised of women with mean ages 
ranging from 14 to 29 years old. 
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Ref. AN subtype ED subtype Study purpose Method DTI Assessment
Kazlouski et al[13] Current AN 
restricting and 
purging subtype
AN purging 
and restricting 
subtype
Test of the brain WM integrity 
alteration and its relation to 
heightened anxiety in AN
GE 3 Tesla whole-body MRI scanner, 
maximum gradient amplitude of 40 Mt/M 
and maximum slew rate of 150 T/m per 
second, 8-channel phased-array head coil
SCID-CV
EDI-3 
TCI
STAI
BDI
Frank et al[49] Current AN 
restricting and 
purging subtype
AN Analysis of GM and WM in 
a sample of adolescents in 
comparison to adults
Signa 3T Scanner, axial, 3-dimensional, T-1 
weighted magnetization-prepared rapid 
acquisition gradient echo
C-DISC
EDI-3
TCI
STAI
CDI
SPSRQ
9 point Likert 
scale sweetness-
pleasantness of 1 
molar sucrose
Nagahara et al[7] Current AN, NS 
subtype
AN Exploration of WM 
abnormalities in AN patients 
compared to HC
Whole body 3 Tesla MR system with an 
eight-channel phased-array head coil
SCID-CV
EDI-2
BDI-II
Via et al[53] Current AN 
restricting subtype
AN Assessment of WM 
microstructure in a clinical 
sample of AN patients
GE Signa Excite scanner at 1.5 T equipped 
with an 8-channel phased-array head coil
SCID-CV
SCID-I/NP
GHQ-28
EDI-2
HAM-D
HAM-A
Frieling et al[5] Current AN with 
NS subtype and 
recovered women 
from AN
AN and 
recovered 
women from 
AN
Assessment of the 
microstructural integrity of 
WM pathways through DTI in 
women with AN
3 T Siemens-scanner, with a gradient field 
strength up to 45 MT/m
None
Yau et al[39] Recovered women 
from restricting type 
AN
Recovered 
women from 
restricting type 
AN
Examination of the 
microstructural alterations of 
WM integrity in recovered AN 
women
3.0 Tesla Discovery MR750 scanner with 
an 8-channel phase-array head coil
SCID-CV
MINI
TCI
STAI
MPS
Table 1  Baseline characteristics of the included studies (all cross-sectional in design)
AN: Anorexia nervosa; DTI: Diffusion tensor imaging; GM: Gray matter; HC: Healthy controls; NS: Non-specified; WM: White matter.
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or Method section. The participant characteristics were 
clearly described, often being displayed in a chart or 
table. The intervention of interest wasn’t applicable 
to the present systematic review, since none of the 
retrieved studies developed an interventional design. 
The main weakness of the studies was the description of 
the confounders’ distribution. This was clearly described 
in one, partially in two and not provided in three studies. 
Adjustment for confounding was reported in three 
studies only. Also, most studies did not include another 
mental health disorder such as depression in participants 
in a control group. This was clearly described in one 
study, partially in two studies and not provided in three 
studies. The main study findings were clearly described 
in all the papers. All but one study, which didn’t provide 
enough information, selected appropriate statistical tests 
for each research study measurement. 
Measures used
DTI measures reported in the six included papers: 
Water diffusion direction along the WM tracts was 
measured with FA and MD was used as an indicator of 
white matter integrity, a scalar measure reflecting the 
magnitude of diffusion. Mean diffusivity (MD) or in other 
term apparent diffusion coefficient provides information 
about the average diffusion-freedom water molecules 
have in the brain tissue, and correlates with local cell 
breakdown[20-22].
Psychopathological measures: To confirm the 
diagnoses of AN, five of the 6 collected studies used the 
Structured Clinical Interview for DSM-IV Axis I Disorders. 
Specifically, four studies used the clinician version[23] 
and one of them included the non-patient edition for 
the sample group[24] and the General Health Questi-
onnaire[25]. One of the studies chose the Computerized 
Diagnostic Interview for Children[26] and one The Mini-
International Neuropsychiatric Interview[27].
In general, the majority of the studies used the 
same assessment instruments for general eating disor-
ders symptoms, depression as well as anxiety. The 
presence of symptoms and psychological features 
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Ref. AN subtype Total size
Sample characteristics
n
Gender
Mean ± SD:
Age/years
BMI
Duration of illness/years
ED group (AN) Recovered AN Healthy group
Kazlouski et al[13] Current AN restricting and purging 
subtype
n = 33 n = 16 (10 resAN, 6 purgAN) - n = 17
Female Female
23.9 ± 7 SD 25.1 ±4 SD
16.5 ± 1 SD 21.5 ±1 SD
7.5 ± 8 SD NA
Frank et al[49] Current AN restricting and purging 
subtype
n = 41 n = 19 (17 resAN, 2 purgAN) - n =22
NS Female
15.4 ± 1.4 SD 14.8 ± 1.8 SD
16.2 ± 1.1 SD 21.3 ± 1.9 SD
NS NA
Nagahara et al[7] Current AN, NS subtype n = 35 n = 17 - n = 18
Female Female
23.8 ± 6.68 SD 26.2 ± 5.6 SD
13.6 ± 1.3 SD 19.9 ± 2.0 SD
4.93 ± 4.9 SD NA
Via et al[53] Current AN restricting subtype n = 38 n = 19 - n = 19
Female Female
28.37 ± 9.55 SD 28.63 ± 8.58 SD
17.03 ± 1.09 SD 21.09 ± 1.80 SD
6.52 ± 6.03 SD NA
Frieling et al[5] Current AN with NS subtype and 
recovered women from AN
n = 41 n = 12 n = 9 n = 20
Female Female Female 
26.8 ± 6.94 SD 27.44 ± 5.3 SD 24.80 ± 2.6 SD
15.18 ± 1.39 SD 19.31 ± 1.39 SD 19.60 ± 0.94 SD
NS NS NA
Yau et al[39] Recovered women from restricting 
type AN
n = 22 - n = 12 n = 10
Female Female
28.7 ± 7.9 SD 26.7 ± 5.4 SD
21.2 ± 1.5 SD 22.0 ± 1.1. SD
5.6 ± 5.2 NA
Table 2  Characteristics of the participant samples in the reported studies
AN: Anorexia nervosa; recAN: Recovered anorexia nervosa; purgAN: Purgative subtype anorexia nervosa; resAN: Restrictive subtype anorexia nervosa; 
BMI: Body mass index; NA: Non-applicable; NS: Non-specified. 
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typically presented in AN was assessed through the 
eating disorders inventory-3[28] in two studies whilst 
its second version[29] was used in other 2. Three 
studies complemented it with the temperament and 
character inventory[30]. Mood was assessed with the 
beck depression inventory first edition (BDⅠ)[31] and 
its second edition (BDⅠ-Ⅱ)[32] in two studies. Three 
studies used the state-trait anxiety inventory[33] to 
measure anxiety levels. Other questionnaires applied the 
hamilton rating scale for depression[34] and the hamilton 
rating scale for anxiety[35,36], the children’s depression 
inventory[36], the revised sensitivity to reward and 
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Ref. AN subtype Outcomes: DTI measures and 
areas in AN
Author interpretation
Kazlouski et al[13] Current AN restricting 
and purging subtype
FA: Lower in the bilateral 
fimbria-fornix, fronto-
occipital and cingulum fiber 
tracts
Anxiety is predicted by the fimbria-fornix FA value. Thus, reduced WM 
integrity could provide a mechanism for heightened anxiety
Frank et al[49] Current AN restricting 
and purging subtype
FA: Lower in fornix, cingulum 
and corpus callosum (corona 
radiata and forceps mayor)
Abnormal fornix integrity could lead to altered feedback between limbic 
and higher-order brain structures. The corpus callosum could be implicated 
in taste processing
Nagahara et al[7] Current AN, NS subtype FA: Lower value in the left 
cerebellum 
WM abnormalities in the fornix and the cerebellum may be neural 
substrates of the pathophysiology of AN. The fornix is one of the important 
components of the Papez circuit, which links the limbic system with other 
brain structures. The correlation of WM alteration with physical severity, 
including BMI and duration of illness may indicate that WM alteration is 
more relevant with regard to physical severity rather than psychological 
severity
MD: Higher value in the 
fornix
Via et al[53] Current AN restricting 
subtype
FA: Lower in the parietal part 
of the left SLF and the fornix.
The left SLF seem relevant to body image distortion as well as other 
cognitive processes like the called weak central coherence. The fornix is 
a key structure involved in the regulation of body-energy balance and 
processing of reward responses
MD: Higher in the SLF and 
the fornix. They also reported 
significantly increased MD in 
the fornix, accompanied by 
decreased FA and increased 
RD and AD
Frieling et al[5] Current AN with NS 
subtype and recovered 
women from AN
FA (AN and recAN): Lower 
in the posterior thalamic 
radiation bilaterally (which 
includes the of optic 
radiation) and the left 
mediodorsal thalamus
The posterior thalamic radiation fibres project to areas involved in the 
processing of the body image, whose alteration could explain the AN body 
image distortion. The left mediodorsal thalamic nucleus is connected to 
regions contributing to impairments in cognitive domains, especially set/
shifting ability, executive control, habit learning and reward processing
Yau et al[39] Recovered women from 
restricting type AN
FA (recAN): Insignificant 
alteration
Lower MD was associated with harm avoidance, suggesting a possible 
underlying trait associated with AN. Localization of disturbances in 
frontal-parietal and cingulum WM suggests that these pathways, which are 
important for cognitive control, may be susceptible to core AN pathology. 
Malnutrition seems to have potentially lasting effects on WM integrity and 
degree of recovery
MD: Lower in frontal, 
parietal and cingulum 
Table 3  Main diffusion tensor imaging outcomes and author interpretation
AD: Axial diffusivity; AN: Anorexia nervosa patients; HC: Healthy controls; FA: Fractional anisotropy; MD: Mean diffusivity; recAN: Recovered from AN; 
SLF: Superior longitudinal fasciculus; WM: White matter; RD: Radial diffusivity.
Q1 Q2 Q3 Q5 Q6 Q15 Q18 Q25
Ref. Hypothesis 
clearly described
Main outcomes 
clearly 
described in the 
introduction or 
methods section
Participants 
characteristics 
clearly 
described
Distributions 
of confounders 
in each group 
of subjects 
clearly 
described
Main study 
findings clearly 
described
Study 
measurement 
blind
Appropriateness of 
the statistical tests
Adjustment 
for 
confounding
Kazlouski et al[13] Yes Yes  Yes No Yes U U No
Frank et al[49] Yes Yes Yes Partially Yes U Yes Yes
Nagahara et al[7] Yes Yes Yes No Yes U Yes No
Via et al[53] Yes Yes Yes Yes Yes U Yes Yes
Frieling et al[5] Yes Yes Yes Yes Yes U Yes Yes
Yau et al[39] Yes Yes Yes No Yes U Yes No
Table 4  Quality assessment of the retrieved studies
Q4 regarding to interventions of interest clearly described was not applicable to this review since any of the studies undertook an interventional design. Yes 
scored as 1, No scored as 0, Partially scored as 0.5. U: Unable to determine.
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punishment questionnaire[37] and the multidimensional 
perfectionism scale[38]. In addition, in one study a 
molar sucrose and a control solution for sweetness and 
pleasantness were rated on a 9-point Likert scale.
DISCUSSION
The neurobiology of AN is still poorly understood. This 
systematic review reports research that investigated 
WM fibre tracts using advances in DTI procedures. 
Sample selection criteria, type of scanner and psycho-
pathological measures used, as well as DTI correlates 
with brain functions connections were documented. Six 
studies were included and WM fibre changes were found 
in tracts relevant to emotional brain circuits as well as to 
neurocognitive brain structures. 
Summary of findings
Four of the six included studies performed the WM 
fibre measurement in patients at the sick state, one 
included recovered AN patients and another one 
studied the possible WM alterations in recovered and 
as well AN acute patients. As a control measure, some 
studies included the indicator of low BMI in the healthy 
sample to make the groups comparable. The criteria 
for recovery differed in the two studies that included 
such participants. Specifically, in the study of Frieling et 
al[5], the participants didn’t meet criteria for a diagnosis 
of AN at the time of inclusion, and had a BMI above 18 
km/m2. In contrast, Yau et al[39] defined recovery based on 
symptoms of no food restriction, no compulsive exercise 
and not engaging in any other ED behaviours as well as 
sustaining a stable weight (± 3 kg and 90% to 120% of 
mean body weight) with regular menstrual cycles. 
Four of the studies found either a low FA value or 
a high MD correlate in the fornix. This formation is an 
important WM structure that originates from the hippo-
campus as the fimbria-fornix tract and projects superior-
anteriorly toward the midline, forming the body of the 
fornix[40]. It is a part of the Papez Circuit, an element of 
the limbic system involved in the regulation of emotions 
by higher order frontal cortical brain regions. It is 
linked to the hypothalamus, the amygdala as well as to 
prefrontal areas like the ventral striatum, the orbitofrontal 
cortex and the cingulate cortex[41]. The fornix is a key 
connection involved in the regulation of body-energy 
balance and processing of reward responses. It has 
been associated with trait anxiety and harm avoidance 
and responds to leptin (feeding inhibiting hormone)[42]. 
The last studies suggest that fornix alterations in AN 
could be involved in the characteristic of food restriction, 
disrupted meal patterns, altered food reward processing 
and difficulties making behaviour changes[43]. Previous 
studies in rodents have identified those altered 
patterns[44].
Another well reported brain structure in three of 
the retrieved studies is the cingulum. It is composed 
of a WM association fibres bound from the cingulate 
gyrus to the entorhinal cortex in the brain. It is part of 
the limbic system which connects frontal lobe regions 
with posterior structures as the temporal lobe and 
hippocampus. They comprise a network that integrates 
the necessary behaviours for executive function and 
emotion recognition[45]. Alteration in this structure 
could be related to altered emotion identification and 
processing in AN, as well as disturbances in cognitive 
control[46]. 
At the same time, two studies found reduced FA 
in fronto-occipital association fibres. These tracts 
connect frontal with occipital and posterior parietal 
and temporal lobes. They integrate auditory and visual 
association cortices and may have a role in the spatial 
awareness and neglect, as well as emotion recognition 
and expression[47]. The fronto-occipital WM abnormality 
could be related to altered body perception shown in 
AN. It has been associated with abnormal recognition 
of emotions in others and emotion regulation within 
themselves[48]. 
Frieling et al[5] (2012) identified bilateral reductions 
of FA maps in the posterior thalamic radiation and the 
left mediodorsal thalamus. Alterations of the posterior 
thalamic radiations are of special interest because they 
are connected with the occipital, temporal and parietal 
lobes which are all involved with the cortical processing 
of body image perception. In contrast, the left medio-
dorsal thalamus is linked to brain structures implied 
in cognitive domains related to the shifting ability, 
executive control, habit learning and reward processing. 
Alterations of WM fibre were seen as well in 
adolescent AN samples. Frank et al[49] (2013) registered 
a low FA in the corpus callosum. This area facilitates 
communication between left and right sided brain 
structures and has been implicated in taste processing. 
Parent et al[50] (1996) found an alteration in the corona 
radiate and forceps major, a group of bundles that 
connect the cerebral cortex with the basal ganglia 
and spinal cord. Both structures are related to taste, 
whose significance could be related to altered taste and 
processing in AN[51]. 
There are several brain structures that integrate 
a functional network connecting the prefrontal and 
parietal areas which may be implicated in the body 
image distortion found in AN. The superior longitudinal 
fasciculus is the major association WM tract connecting 
these regions[52]. Accordingly, Via et al[53] (2014) 
reported significant FA decreases in the parietal areas 
of the superior longitudinal fasciculus, which sets the 
basis for the representation of the body self-image[54]. 
Proprioception, size and spatial judgment, visual 
imagery and the integration of visual information are 
properties of body image. Apart from that, the authors 
suggested the possible implication of the superior 
longitudinal fasciculus in other cognitive processes such 
as the “weak central coherence” reported in people with 
AN. This cognitive style is characterized by an enhanced 
attention to local details at the expense of global 
processing and is found in several disorders[55]. These 
abnormalities are thought to depend on alterations of 
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long-range connections between prefrontal and parieto-
occipital areas, which could be also implicated in AN[56]. 
One of the studies[39], reported altered WM pat-
terns in parietal areas of AN subjects. The authors 
found reduced diffusivity in fronto-parietal areas that 
was associated with cognitive control to be related 
to increased post-error slowing during response 
inhibition[57]. These results are consistent with increased 
cognitive control and error perseveration[58]. Thus, 
a low FA value may be associated with typical AN 
traits such as enhanced cognitive control and clinical 
perfectionism[6]. 
Moreover, it has been seen that abnormalities in 
the left cerebellum exist in AN patients. Nagahara et 
al[7] (2014) found a low FA value in the lateral zone 
of this structure. It projects to the dentate nucleus 
which has connections with the ventral anterior nucleus 
and ventral lateral nucleus of the thalamus. Added to 
the functions that we have specified previously, the 
thalamus facilitates coordinated movements and has 
a direct bidirectional connection with regions involved 
in the regulation of food intake. Specifically, the 
connections with several hypothalamic nuclei (the lateral 
hypothalamic areas, the dorsomedial hypothalamic 
nucleus and the ventromedial hypothalamic nucleus) 
could prompt abnormal food intake behaviour in AN[59]. 
Furthermore, the cerebellum also relates social, empa-
thic and emotional function, including fear response[60]. 
Altogether, the alterations of these functions may 
underline the pathophysiology of AN[61].
In sum, the pathophysiology of AN is still unknown 
but the limbic system is undoubtedly implicated as 
many of the DTI studies found alterations in this 
network. The connections with the prefrontal areas 
might explain the dysfunction which appears in the 
cognitive style and emotion procession. Two main 
theories are considered in understanding these 
neurocognitive mechanisms in AN. The alterations in 
WM fibre could reflect predisposing personality traits 
and neurocognitive style. On the other hand, the effects 
of undernutrition could cause these abnormalities in 
WM. 
Limitations and future research
Assessment instruments varied between the studies 
based on the analysis method. Most of the studies 
selected a combined method of assessment including 
cognitive assessment via questionnaires and MRI 
scanning for analysis of the WM fibre. Although some 
of the questionnaires were commonly used in most of 
the studies, the diverse range of used questionaries is 
problematic for comparing between studies. There was 
also diversity in the type of scanner used for imaging, 
the patient’s position in the scanner, and the selected 
regions of interest.
Previous studies have analysed specified DTI 
measures, including FA and MD. The axial diffusion 
coefficient has also been used in some of the previous 
studies. Future studies should consider investigating 
the relationship between the DTI measures and 
indirect measures. The exposed FA and MD are broad 
measures that could be driven by a number of factors 
(e.g., axonal ordering, density, degree of myelination). 
For this reason, axial diffusivity and radial diffusivity 
(RD) are thought to index more specific aspects of 
WM pathology, being more sensitive to changes in 
integrity and myelination, respectively. The combined 
quantification of direct and indirect measurements 
is recommended to better characterize any putative 
changes in WM structure.
All the studies used a cross-sectional design and 
there is a need for longitudinal studies to examine 
the WM alterations over time to determine if 
changes found in the recovered state are a 
persistent “scar” of illness effects such as 
starvation, or are innate to the disorder. 
Furthermore, future research should consider 
more comprehensive examination of myelination 
changes in people with AN. Changes in RD have 
been observed after different periods of cognitive 
treatment or meditation. This may reflect a brain 
plastic response that could provide new insights 
for understanding re-covery in AN.
Finally, this review was limited in that only 
four databases were used and two of which were 
English language databases. However these two 
were the most relevant databases to the topic, 
and one, Scopus, is a composite of papers from 
many sources including several other databases 
such as MEDLINE and EMBASE. Insufficient 
funding for translations also precluded sourcing 
literature published in languages excepting those 
which the authors were fluent in. 
In conclusion, the results of our review suggest 
that WM changes exist in brain fibres of people 
with AN. The research also showed that the 
changes appear in the brain during the sickness 
stage and the recovery stage in patients with AN. 
The main brain alterations seem to involve tracts 
of the limbic system, as the fornix. A prompt 
treatment plan for the sickness and recovery 
stages seems crucial for minimising the 
progression of brain impairments. However, there 
were few studies and problems of inconsistent 
assessment methodologies and a need for 
replication of findings and longitudinal study 
design.
COMMENTS
Background
There is evidence for biological underpinnings in anorexia nervosa (AN) that 
argue in favour of structural brain abnormalities. Previous research performed 
with Voxel Based Morphometry has found reduced grey matter (GM) volumes in 
people with AN compared to healthy controls. White matter (WM) is the second 
major component of the central nervous system (CNS) and it coordinates 
communication between different brain regions. 
Research frontiers
Very little research has been performed on WM in AN participants due to limited 
technologies able to investigate its particular structure. New advances with 
diffusion tensor imaging (DTI) however have identified alterations in several 
areas of the brain WM providing new insights into the structure and related 
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function of WM in people with AN. 
Innovations and breakthroughs
This review synthesises all the studies to date (April 2015) using DTI to assess 
the WM integrity in AN. Alterations in a range of WM structures of the limbic 
system were identified in regions associated with anxiety, body image and 
cognitive function. Subtle abnormalities also appeared to persist after recovery 
but no studies were prospective.
Applications
This systematic review synthetises high quality research evidence related to 
WM brain alterations in AN. It provides researchers with the latest knowledge 
available and directions for future research. 
Terminology
WM: Component of the CNS that distributes information between different 
brain areas; GM: Component of the CNS related to processing and cognition 
activities; DTI: Magnetic resonance imaging method that allows the mapping 
of the diffusion of molecules in the brain, in vivo and non-invasively. It is able 
to delineate fibre tracts within the WM; Fractional anisotropy (FA): A value that 
describes the degree of anisotropy of a diffusion process. It is thought to reflect 
myelination of WM; Mean diffusivity: An opposed value to FA which reflects the 
isotropy of the diffusion. 
Peer-review
The present systematic review aims to identify findings concerning WM fibre 
microstructural alterations in AN. The authors find that WM fibre is altered in 
diverse areas of brain, the diversity possibly reflecting the symptom complexity 
of the AN.
REFERENCES
1 Papadopoulos FC, Ekbom A, Brandt L, Ekselius L. Excess 
mortality, causes of death and prognostic factors in anorexia 
nervosa. Br J Psychiatry 2009; 194: 10-17 [PMID: 19118319 DOI: 
10.1192/bjp.bp.108.054742]
2 American Psychiatric Association. Diagnostic and statistical 
manual of mental disorders. 5th ed. Washington D.C., 2013
3 Sullivan PF. Mortality in anorexia nervosa. Am J Psychiatry 1995; 
152: 1073-1074 [PMID: 7793446 DOI: 10.1176/ajp.152.7.1073]
4 Steinhausen HC. The outcome of anorexia nervosa in the 20th 
century. Am J Psychiatry 2002; 159: 1284-1293 [PMID: 12153817 
DOI: 10.1176/appi.ajp.159.8.1284]
5 Frieling H, Fischer J, Wilhelm J, Engelhorn T, Bleich S, 
Hillemacher T, Dörfler A, Kornhuber J, de Zwaan M, Peschel T. 
Microstructural abnormalities of the posterior thalamic radiation and 
the mediodorsal thalamic nuclei in females with anorexia nervosa-
-a voxel based diffusion tensor imaging (DTI) study. J Psychiatr 
Res 2012; 46: 1237-1242 [PMID: 22770509 DOI: 10.1016/j.jpsychi
res.2012.06.005]
6 Kaye WH, Fudge JL, Paulus M. New insights into symptoms and 
neurocircuit function of anorexia nervosa. Nat Rev Neurosci 2009; 
10: 573-584 [PMID: 19603056 DOI: 10.1038/nrn2682]
7 Nagahara Y, Nakamae T, Nishizawa S, Mizuhara Y, Moritoki Y, 
Wada Y, Sakai Y, Yamashita T, Narumoto J, Miyata J, Yamada K, 
Fukui K. A tract-based spatial statistics study in anorexia nervosa: 
abnormality in the fornix and the cerebellum. Prog Neuropsychop­
harmacol Biol Psychiatry 2014; 51: 72-77 [PMID: 24462618 DOI: 
10.1016/j.pnpbp.2014.01.009]
8 Huettel S, Song A, McCarthy G. Functional Magnetic Resonance 
Imaging. 3rd ed. Hardcover, 2014
9 Hao X, Xu D, Bansal R, Dong Z, Liu J, Wang Z, Kangarlu A, Liu 
F, Duan Y, Shova S, Gerber AJ, Peterson BS. Multimodal magnetic 
resonance imaging: The coordinated use of multiple, mutually 
informative probes to understand brain structure and function. Hum 
Brain Mapp 2013; 34: 253-271 [PMID: 22076792 DOI: 10.1002/
hbm.21440]
10 Van den Eynde F, Suda M, Broadbent H, Guillaume S, Van den 
Eynde M, Steiger H, Israel M, Berlim M, Giampietro V, Simmons A, 
Treasure J, Campbell I, Schmidt U. Structural magnetic resonance 
imaging in eating disorders: a systematic review of voxel-based 
morphometry studies. Eur Eat Disord Rev 2012; 20: 94-105 [PMID: 
22052722 DOI: 10.1002/erv.1163]
11 Streitbürger DP, Möller HE, Tittgemeyer M, Hund-Georgiadis M, 
Schroeter ML, Mueller K. Investigating structural brain changes of 
dehydration using voxel-based morphometry. PLoS One 2012; 7: 
e44195 [PMID: 22952926 DOI: 10.1371/journal.pone.0044195]
12 Dehaene S, Changeux JP. Reward-dependent learning in neuronal 
networks for planning and decision making. Prog Brain Res 2000; 
126: 217-229 [PMID: 11105649 DOI: 10.1016/s0079-6123(00)260
16-0]
13 Kazlouski D, Rollin MD, Tregellas J, Shott ME, Jappe LM, 
Hagman JO, Pryor T, Yang TT, Frank GK. Altered fimbria-fornix 
white matter integrity in anorexia nervosa predicts harm avoidance. 
Psychiatry Res 2011; 192: 109-116 [PMID: 21498054 DOI: 
10.1016/j.pscychresns.2010.12.006]
14 Connan F, Campbell IC, Katzman M, Lightman SL, Treasure 
J. A neurodevelopmental model for anorexia nervosa. Physiol 
Behav 2003; 79: 13-24 [PMID: 12818706 DOI: 10.1016/S0031-
9384(03)00101-X]
15 Asato MR, Terwilliger R, Woo J, Luna B. White matter deve-
lopment in adolescence: a DTI study. Cereb Cortex 2010; 20: 
2122-2131 [PMID: 20051363 DOI: 10.1093/cercor/bhp282]
16 White T, Nelson M, Lim KO. Diffusion tensor imaging in 
psychiatric disorders. Top Magn Reson Imaging 2008; 19: 97-109 
[PMID: 19363432 DOI: 10.1097/RMR.0b013e3181809f1e]
17 Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting 
items for systematic reviews and meta-analyses: the PRISMA 
statement. J Clin Epidemiol 2009; 62: 1006-1012 [PMID: 19631508 
DOI: 10.1016/j.jclinepi.2009.06.005]
18 Downs SH, Black N. The feasibility of creating a checklist for the 
assessment of the methodological quality both of randomised and 
non-randomised studies of health care interventions. J Epidemiol 
Community Health 1998; 52: 377-384 [PMID: 9764259 DOI: 
10.1136/jech.52.6.377]
19 Kuder G, Richardson M. The theory of the estimation of test 
reliability. Psychometrika 1937; 2: 151-160 [DOI: 10.1007/BF0228 
8391]
20 Jiang H, van Zijl PC, Kim J, Pearlson GD, Mori S. DtiStudio: 
resource program for diffusion tensor computation and fiber bundle 
tracking. Comput Methods Programs Biomed 2006; 81: 106-116 
[PMID: 16413083 DOI: 10.1016/j.cmpb.2005.08.004]
21 Cohen MX, Schoene-Bake JC, Elger CE, Weber B. Connectivity-
based segregation of the human striatum predicts personality 
characteristics. Nat Neurosci 2009; 12: 32-34 [PMID: 19029888 
DOI: 10.1038/nn.2228]
22 Basser PJ, Pierpaoli C. Microstructural and physiological features 
of tissues elucidated by quantitative-diffusion-tensor MRI. 1996. J 
Magn Reson 2011; 213: 560-570 [PMID: 22152371 DOI: 10.1016/
j.jmr.2011.09.022]
23 First M, Spitzer R, Gibbon M, Williams J. Structured Clinical 
Interview for DSM-IV Axis I Disorders. Clinician Version (SCID-
CV) ed. Washington, D.C.: American Psychiatric Press, Inc., 1996
24 First M, Spitzer R, Gibbon M, Williams J. Structured Clinical 
Interview for DSM-IV Axis I Disorders, Clinician Version (SCID-
CV). Clinician version ed. Washington: D.C. American Psychiatric 
Press, 2002
25 Goldberg D. Manual of the General Health Questionnaire. UK: 
Windsor (UK), 1978
26 Shaffer D, Fisher P, Lucas CP, Dulcan MK, Schwab-Stone ME. 
NIMH Diagnostic Interview Schedule for Children Version IV 
(NIMH DISC-IV): description, differences from previous versions, 
and reliability of some common diagnoses. J Am Acad Child 
Adolesc Psychiatry 2000; 39: 28-38 [PMID: 10638065]
27 Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, 
Weiller E, Hergueta T, Baker R, Dunbar GC. The Mini-International 
Neuropsychiatric Interview (M.I.N.I.): the development and 
validation of a structured diagnostic psychiatric interview for DSM-
IV and ICD-10. J Clin Psychiatry 1998; 59 Suppl 20: 22-33; quiz 
185WJP|www.wjgnet.com March 22, 2016|Volume 6|Issue 1|
Martin Monzon B et al . White matter alterations in anorexia nervosa
34-57 [PMID: 9881538]
28 Garner D. Eating Disorder Inventory-3. Professional Manual. 3rd 
ed. Lutz, FL: Psychological Assessment Resources, Inc, 2004
29 Garner D. EDI-2. Eating disorder inventory-2. Professional 
manual. 2nd ed. Odessa, FL: Psychological Assessment Resources, 
1991
30 Cloninger R. The temperament and character inventory (TCI): A 
guide to its development and use. 1st ed. St. Louis, MO: Center for 
Psychobiology of Personality, Washington University, 1994
31 Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An 
inventory for measuring depression. Arch Gen Psychiatry 1961; 4: 
561-571 [PMID: 13688369]
32 Kojima M, Furukawa TA, Takahashi H, Kawai M, Nagaya T, 
Tokudome S. Cross-cultural validation of the Beck Depression 
Inventory-II in Japan. Psychiatry Res 2002; 110: 291-299 [PMID: 
12127479 DOI: 10.1016/S0165-1781(02)00106-3]
33 Spielberger C, Gorssuch R, Lushene P, Vagg P, Jacobs G. Manual 
for the State-Trate Anxiety Inventory. 1st ed. Palo Alto, CA: 
Consulting Psychologists Press, Inc., 1983
34 Hamilton M. A rating scale for depression. J Neurol Neurosurg 
Psychiatry 1960; 23: 56-62 [PMID: 14399272]
35 Hamilton M. The assessment of anxiety states by rating. Br J 
Med Psychol 1959; 32: 50-55 [PMID: 13638508 DOI: 10.1111/
j.2044-8341.1959.tb00467.x]
36 Kovacs M. Children’s Depression Inventory. 1st ed. North 
Tonawanda: NY Multi-Health Systems, Inc., 1992
37 Torrubia R, Ávila C, Moltó J, Caseras X. The Sensitivity to 
Punishment and Sensitivity to Reward Questionnaire (SPSRQ) as a 
measure of Gray’s anxiety and impulsivity dimensions. Pers Individ 
Dif 2001; 31 Suppl 6: 837-862 [DOI: 10.1016/S0191-8869(00)0018
3-5]
38 Frost RO, Marten P, Lahart C, Rosenblate R. The Dimensions of 
Perfectionism. Cognitive Ther Res 1990; 14 Suppl 5: 449-468 [DOI: 
10.1007/BF01172967]
39 Yau WY, Bischoff-Grethe A, Theilmann RJ, Torres L, Wagner 
A, Kaye WH, Fennema-Notestine C. Alterations in white matter 
microstructure in women recovered from anorexia nervosa. Int J 
Eat Disord 2013; 46: 701-708 [PMID: 23818167 DOI: 10.1002/
eat.22154]
40 Saunders RC, Aggleton JP. Origin and topography of fibers 
contributing to the fornix in macaque monkeys. Hippocampus 2007; 
17: 396-411 [PMID: 17372974 DOI: 10.1002/hipo.20276]
41 Mettler LN, Shott ME, Pryor T, Yang TT, Frank GK. White matter 
integrity is reduced in bulimia nervosa. Int J Eat Disord 2013; 46: 
264-273 [PMID: 23354827 DOI: 10.1002/eat.22083]
42 Fulton S, Woodside B, Shizgal P. Modulation of brain reward 
circuitry by leptin. Science 2000; 287: 125-128 [PMID: 10615045 
DOI: 10.1126/science.287.5450.125]
43 Keating C, Tilbrook AJ, Rossell SL, Enticott PG, Fitzgerald PB. 
Reward processing in anorexia nervosa. Neuropsychologia 2012; 
50: 567-575 [PMID: 22349445 DOI: 10.1016/j.neuropsychologia.2
012.01.036]
44 Osborne B, Silverhart T, Markgraf C, Seggie J. Effects of fornix 
transection and pituitary-adrenal modulation on extinction behavior. 
Behav Neurosci 1987; 101: 504-512 [PMID: 2820436 DOI: 10.103
7/0735-7044.101.4.504]
45 Hutchins T, Herrod H, Quigley E, Anderson J, Salzman K. 
Dissecting the White Matter Tracts: Interactive Diffusion Tensor. 
Imaging Teaching Atlas. University of Utah Department of 
Neuroradiology; Online Atlas. Available from: http://www.asnr2.
org/neurographics/7/1/26/White Matter Tract Anatomy/DTI tutorial 
1.html05/19
46 Bunge SA, Wright SB. Neurodevelopmental changes in working 
memory and cognitive control. Curr Opin Neurobiol 2007; 17: 
243-250 [PMID: 17321127 DOI: 10.1016/j.conb.2007.02.005]
47 Philippi CL, Mehta S, Grabowski T, Adolphs R, Rudrauf D. 
Damage to association fiber tracts impairs recognition of the facial 
expression of emotion. J Neurosci 2009; 29: 15089-15099 [PMID: 
19955360]
48 Harrison A, Tchanturia K, Treasure J. Attentional bias, emotion 
recognition, and emotion regulation in anorexia: state or trait? Biol 
Psychiatry 2010; 68: 755-761 [PMID: 20591417 DOI: 10.1016/
j.biopsych.2010.04.037]
49 Frank GK, Shott ME, Hagman JO, Yang TT. Localized brain 
volume and white matter integrity alterations in adolescent anorexia 
nervosa. J Am Acad Child Adolesc Psychiatry 2013; 52: 1066-1075.
e5 [PMID: 24074473 DOI: 10.1016/j.jaac.2013.07.007]
50 Parent A, Carpenter M. Carpenter’s human neuroanatomy. 9th ed. 
André Parent ed. United States: Baltimore, Williams & Wilkins, 
1996
51 Fabri M, Polonara G, Mascioli G, Salvolini U, Manzoni T. 
Topographical organization of human corpus callosum: an fMRI 
mapping study. Brain Res 2011; 1370: 99-111 [PMID: 21081115 
DOI: 10.1016/j.brainres.2010.11.039]
52 Devue C, Brédart S. The neural correlates of visual self-recognition. 
Conscious Cogn 2011; 20: 40-51 [PMID: 20880722 DOI: 10.1016/
j.concog.2010.09.007]
53 Via E, Zalesky A, Sánchez I, Forcano L, Harrison BJ, Pujol J, 
Fernández-Aranda F, Menchón JM, Soriano-Mas C, Cardoner 
N, Fornito A. Disruption of brain white matter microstructure in 
women with anorexia nervosa. J Psychiatry Neurosci 2014; 39: 
367-375 [PMID: 24913136 DOI: 10.1503/jpn.130135]
54 Gaudio S, Quattrocchi CC. Neural basis of a multidimensional 
model of body image distortion in anorexia nervosa. Neurosci 
Biobehav Rev 2012; 36: 1839-1847 [PMID: 22613629 DOI: 
10.1016/j.neubiorev.2012.05.003]
55 Baron-Cohen S, Belmonte MK. Autism: a window onto the 
development of the social and the analytic brain. Annu Rev Neurosci 
2005; 28: 109-126 [PMID: 16033325 DOI: 10.1146/annurev.
neuro.27.070203.144137]
56 Fonville L, Lao-Kaim NP, Giampietro V, Van den Eynde F, Davies 
H, Lounes N, Andrew C, Dalton J, Simmons A, Williams SC, 
Baron-Cohen S, Tchanturia K. Evaluation of enhanced attention to 
local detail in anorexia nervosa using the embedded figures test; an 
FMRI study. PLoS One 2013; 8: e63964 [PMID: 23691129 DOI: 
10.1371/journal.pone.0063964]
57 Fjell AM, Westlye LT, Amlien IK, Walhovd KB. A multi-modal 
investigation of behavioral adjustment: post-error slowing is asso-
ciated with white matter characteristics. Neuroimage 2012; 61: 
195-205 [PMID: 22433658 DOI: 10.1016/j.neuroimage.2012.03.007]
58 Danielmeier C, Ullsperger M. Post-error adjustments. Front 
Psychol 2011; 2: 233 [PMID: 21954390]
59 Zhu JN, Wang JJ. The cerebellum in feeding control: possible 
function and mechanism. Cell Mol Neurobiol 2008; 28: 469-478 
[PMID: 18027085 DOI: 10.1007/s10571-007-9236-z]
60 Villanueva R. The cerebellum and neuropsychiatric disorders. 
Psychiatry Res 2012; 198: 527-532 [PMID: 22436353 DOI: 
10.1016/j.psychres.2012.02.023]
61 Oldershaw A, Hambrook D, Stahl D, Tchanturia K, Treasure J, 
Schmidt U. The socio-emotional processing stream in Anorexia 
Nervosa. Neurosci Biobehav Rev 2011; 35: 970-988 [PMID: 
21070808 DOI: 10.1016/j.neubiorev.2010.11.001]
P- Reviewer: Shi YY 
S- Editor: Ji FF    L- Editor: A    E- Editor: Jiao XK 
186WJP|www.wjgnet.com March 22, 2016|Volume 6|Issue 1|
Martin Monzon B et al . White matter alterations in anorexia nervosa
                                      © 2016 Baishideng Publishing Group Inc. All rights reserved.
Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-223-8242
Fax: +1-925-223-8243
E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
http://www.wjgnet.com
68 
 
CHAPTER 4. BRAIN WATER DIFFUSION 
ALTERATIONS IN UNDERWEIGHT ADOLESCENTS 
WITH ANOREXIA NERVOSA 
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ABSTRACT 
Anorexia nervosa (AN) is an eating disorder and major mental health issue of 
multi-determined causality with a strong biological contribution. Brain imaging has 
revealed functional and structural abnormalities in several areas of the brain, and we 
recently showed loss of grey matter volume in discrete areas in anorexia nervosa. Here 
we use diffusion tensor imaging (DTI) to analyse the diffusivity of water in the brain 
as a means of identifying structural changes. We collected DTI and high resolution T1 
images from 26 adolescent girls with anorexia nervosa and 20 age matched healthy 
control girls. We found that mean diffusivity was high in the prefrontal, cingulate, 
insular, hippocampal, parietal association and occipital cortices, and in the thalamus, 
caudate nuclei, corpus callosum, fornix and cerebellum in girls with anorexia nervosa 
in comparison to healthy controls. These areas seem to be more susceptible to water 
diffusion changes in the underweight state of anorexia nervosa. We conclude that 
alterations in the water diffusion could contribute to the disturbed neurodevelopment 
and may explain some of the typical symptoms of anorexia nervosa.  
 
Key words: diffusion tensor imaging, cross-sectional design, female, underweight, 
mean diffusivity. 
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INTRODUCTION 
Anorexia nervosa (AN) is an eating disorder characterised by a restriction of 
energy intake relative to requirements leading to a significant low weight for gender, 
age and height. The individual exhibits behaviours that prevent weight gain and 
abnormal body image results in significant morbidity and functional impairment 
(American Psychiatric Association, 2013). It is a multi-dimensional disorder that 
impacts at the personal, relational and family levels (Klump et al., 2009) and with its 
onset primarily during adolescence (Favaro et al., 2009; Smink et al., 2012). Recent 
health surveys have reported increasing incidence and prevalence of AN and related 
disordered eating behaviours across the world (Hay et al., 2008; Micali et al., 2013; 
Qian et al., 2013; Swanson et al., 2011).  
The aetiology of AN is complex with genetic and environmental factors play a 
role. The study of biological variables that are involved in the disorder have increased 
in recent years (Jacobi et al., 2004; Treasure et al., 2015; Zipfel et al., 2015). 
Neuroimaging studies have shown brain alterations in underweight adolescent girls 
with AN, including the use of voxel-based morphometry (VBM) of T1-weighted 
anatomical images to show significant reductions in grey matter volume in prefrontal, 
insular, cingulate and parietal cortices (Treasure et al., 2015; Van den Eynde and 
Treasure, 2009). These alterations have been seen to partially reverse with weight gain 
but it is still unclear if they resolve completely (Bomba et al., 2015; Castro-Fornieles 
et al., 2010; Mainz et al., 2012; Martin Monzon et al., 2017). 
Whilst VBM can be used to explore changes in regional grey matter volume or 
density, the neuroimaging technique of diffusion tensor imaging (DTI) can be used to 
explore more subtle changes in regional anatomy by calculating the ease of free-water 
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movement. It is thought that changes in DTI parameters reflect underlying alterations 
that may underlie or contribute to pathophysiological changes in the brain (Bihan, 
2003). With respect to AN, DTI has only been applied in a small number of studies to 
explore brain integrity and these have been primarily focussed on adults (Martin 
Monzon et al., 2016). In adults with AN, altered DTI parameters have been reported 
to occur in the fornix as well as the parietal, frontal, occipital and temporal lobes 
(Frieling et al., 2012; Kazlouski et al., 2011); changes in the fornix have also been 
reported in adolescents with AN (Frank et al., 2013). The abnormalities in brain 
structure, as reflected in changes in water diffusivity, may affect the 
neurodevelopmental processes of subjects with AN (Frank, 2015; Travis et al., 2015) 
and could possibly contribute to the progress and maintenance of the eating disorder. 
However, many pathological processes influence the microstructural composition and 
architecture of such affected tissues (Alexander et al., 2007) and the novelty and 
scarcity of the studies leaves the findings inconclusive. 
In a recent study of adolescents with AN, we showed grey matter density 
reductions in multiple brain regions including the hippocampus, hypothalamus, 
thalamus and amygdala, as well as in higher order association cortices such as the 
cingulate, parietal association and prefrontal cortices. Thus the aim of the present study 
is to investigate the water movement in the brain of underweight adolescent girls with 
AN in comparison to age-gender matched healthy control volunteers. We hypothesized 
that underweight girls with AN would present altered water diffusivity in areas of the 
hippocampus, parietal association and cingulate cortices, as well as in white matter 
tracts connecting these regions.  
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METHODS 
Participants 
Twenty-six underweight adolescent girls diagnosed with AN according to the 
Diagnostic and Statistical Manual of Mental Disorders criteria (DSM-5) (American 
Psychiatric Association, 2013) were recruited at the Children’s Hospital at Westmead 
(Sydney, Australia) (mean±SEM age 16.5 ± 0.3, range 14-19 years, all females). 
Twenty age-gender matched healthy volunteer control participants were recruited from 
Greater Western Sydney area (mean age: 17.3 ± 0.3, range 14-19 years, all females). 
There was no significant difference in age between groups (t-test, p>0.05). Exclusion 
criteria for both AN and controls were: suffering from claustrophobia, major 
neurological brain impairment/injury, or current post-traumatic stress disorder, being 
in intensive care, having a metallic implant or heart pace maker or either metal chips 
or metallic eye clips, and/or having extensive dental work involving metal.  
AN participants had the eating disorder for less than 3 years and were recruited 
in the first week of their admission to a specialist inpatient paediatric eating disorder 
program at the hospital. They were all hydrated as they have been medically stabilised. 
Control participants were of a normal weight range for age, height and gender and did 
not have a current or past history of an eating disorder or any major psychiatric disorder 
as assessed with the Mini Structured Clinical Interview for the DSM (Sheehan et al., 
1998). Informed consent was prior obtained from all participants and from parents of 
those under the age of 16. The study protocol (HREC/13/SCHN/385) received 
approval by the Human Research Ethics Committees of Children’s Hospital at 
Westmead, Western Sydney University and Westmead Hospital, following the 
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principles stated in the World Medical Association of Helsinki (1964 and following 
amendments).  
 
Questionnaires: 
AN and control participants completed the Eating Disorder Examination 
Questionnaire (EDE-Q) (Beglin and Fairburn, 1992) to assess general eating disorder 
symptomatology. It contains subscales of restraint, eating concern, shape concern and 
weight concern. It provides subscale scores reflecting the severity of eating disorder 
behaviors. Subscale scores and a global score are derived from 22 items addressing 
attitudinal aspects of eating-disorder psychopathology and Australian community 
normative data for these are published (Mond et al., 2006). The scale has acceptable 
internal consistency, test-retest reliability and temporal stability. In addition, each AN 
and control subject completed the Hospital Anxiety and Depression Scale (HADS) 
(Zigmond and Snaith, 1983). This 14 item-questionnaire provides an overall indication 
of the individual’s anxiety and depression levels. 
 
MRI acquisition and analysis 
All subject lay supine on the bed of a 3 Tesla MRI (GE HDxt Twinspeed 
magnet system). In each subject, a DTI set covering the entire brain was collected (55 
axial slices, echo time [TE]=95, time repetition [TR]=1700ms, 128x128 matrix size, 
raw voxel size 1.5x1.5x1.5, 2.5mm thick). For each slice, diffusion gradients were 
applied along 32 directions (b=1000 s/mm2) and 4 b0 images were collected. A high-
resolution T1-weighted image of the brain was also collected (spoiled gradient recalled 
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acquisition [SPGR], TE= 3.2ms, TR=8.3ms, flip angle=11 degrees, matrix size= 
256x256, raw voxel size 1mm3).  
Diffusion Tensor Images were processed using Statistical Parametric Mapping 
software (version 12). Images were realigned and averaged to calculate the diffusion 
tensor using a linear model (Basser and Pierpaoli, 2011). Mean diffusivity (MD) maps 
were derived, spatially normalized to the Montreal Neurological Institute template and 
spatially smoothed using a 6mm full-width half-maximum Gaussian filter. To 
determine regional differences in MD between the 26 AN and 20 control subjects, a 
voxel-by-voxel random effects analysis was performed (p<0.01, false discovery rate 
corrected for multiple comparisons, age included as nuisance variable). Significant 
MD differences were overlaid onto an individual’s T1-weighted anatomical image for 
visualization. 
 
RESULTS 
Subject characteristics: 
In comparison to healthy controls, as expected, AN subjects had a significantly 
lower Body Mass Index and higher eating disorder symptoms (EDE-Q Global score, 
EDE-Q Restraint, EDE-Q Eating concern, EDE-Q Weight concern, EDE-Q Shape 
concern) than the control group (Table 1). In addition, AN subjects had significantly 
higher anxiety and depression scores on the HADS compared with controls. 
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Table 1. Demographic characteristics of the participants. Significant differences 
are presented in the coloured grey cells.  
 
AN 
Mean 
(SEM) 
controls 
Mean 
(SEM) 
P value 
(control 
versus AN) 
Sample 
size 
26 20  
Age 
16.5 
(0.25) 
17.25 
(0.33) 
0.07 
AN 
subtype 
24 ANr,  
2 ANp 
- - 
BMI 
16.67 
(0.24) 
22.60 
(0.90) 
<0.001*** 
EDE-Q 
Global 
score 
3.87 
(0.30) 
1.30 (0.20) <0.001*** 
EDE-Q 
Restraint 
3.78 
(0.33) 
1 (0.27) <0.001*** 
EDE-Q 
Eating 
Concern 
3.32 
(0.29) 
0.84 (0.23) <0.001*** 
EDE-Q 
Weight 
Concern 
4.02 
(0.32) 
1.64 (0.26) <0.001*** 
EDE-Q 
Shape 
Concern 
4.48 
(0.32) 
1.98 (0.33) <0.001*** 
HADS-
Anxiety 
12.35 
(0.87) 
5.25 (0.95) <0.001*** 
HADS-
Depression 
9.04 
(0.82) 
5.7 (0.85) <0.001*** 
 
Statistical significance P**<0.001; ANr, anorexia nervosa restrictive subtype, ANp, anorexia nervosa 
purgative subtype; BMI, Body Mass Index; EDE-Q, Eating Disorder Examination Questionnaire; 
HADS, Hospital Anxiety and Depression Scale; SEM, standard error of the mean; UndAN, underweight 
adolescent girls with anorexia nervosa. 
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DTI analysis: 
Voxel-by-voxel analysis revealed that AN is associated with widespread 
significant increases in MD compared to aged matched healthy controls (Figure 1, 
Table 2). More specifically, AN subjects displayed greater MD in cortical regions, 
including the anterior cingulate cortex (ACC) (all mean±SEM x10-3 MD: controls 
1.05±0.01, AN 1.15±0.02), mid-cingulate cortex (MCC) (controls 0.97±0.01, AN 
1.08±0.02), posterior cingulate cortex (PCC) (controls 0.91±0.01, AN 1.03±0.02), 
bilateral insular cortex (left: controls 1.01±0.01, AN 1.12±0.02; right: controls 
1.05±0.01, AN 1.19±0.02), parietal association cortices (left: controls 0.91±0.01, AN 
1.02±0.02; right: controls 0.89±0.01, AN 1.01±0.02), right hippocampus (controls 
1.10±0.02, AN 1.22±0.02). 
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MCC: mid-cingulate cortex, mPFC: medial prefrontal cortex. 
 
FIGURE 1. Mean diffusivity in underweight adolescent girls with anorexia nervosa 
in comparison to healthy controls. The hot colour scale indicates regions in which 
mean diffusivity is greater in adolescent girls with anorexia nervosa (AN) compared 
with healthy controls. MD differences are overlaid onto a mean of all subjects T1-
weighted anatomical spatially normalized in Montreal Neurological Institute (MNI) 
space. Slice locations in MNI space are indicated at the lower left of each slice.  
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Table 2. Montreal Neurological Institute coordinates, cluster sizes and t scores for 
regions with significantly greater mean diffusivity in 26 underweight participants with 
anorexia nervosa compared with 20 healthy control participants.  
Brain region X Y Z t value Cluster size 
Left caudate nucleus -14.63 8.54 15.69 7.13 88219 
Right caudate nucleus 16.17 9.30 18   
Corpus callosum 0.77 -13 24.93   
Left cerebellum -26.94 -79.15 -38.96   
Right cerebellum 28.48 -76.84 -38.96   
Fornix 0.00 -4.54 8.76   
Left insular cortex -36.95 -7.62 9.53   
Right insular cortex 40.80 -4.54 4.91   
MCC 0.77 -16.08 36.47   
PCC -7.29 -49.93 33.40   
Left dlPFC -42.34 22.38 19.54   
Right dlPFC 43.88 22.50 21.85   
Left mPFC -24.63 53.15 -5.09   
Right mPFC 26.94 53.15 -4.50   
Left occipital cortex -18.47 -101.45 3.37   
Right occipital cortex 15.40 -98.38 3.37   
Left parietal association cortex -27.71 -73.76 31.50   
Right parietal association cortex 28.48 -74.53 31.50   
Left precuneus -6.93 -54.53 48.79   
Right precuneus 5.39 -56.07 49.50   
Left thalamus -4.50 -8.39 6.45   
Right thalamus 6.93 -7.62 8.76   
Right hippocampus 24.00 -46.50 -3.00 4.74 674 
ACC 7.70 40.10 -5.88 4.49 273 
Right OFC 23.86 43.92 -15.87 4 53 
Left OFC -3.08 40.84 -15.87 3.31 17 
ACC, anterior cingulate cortex; dlPFC, dorsolateral prefrontal cortex; MCC, medial cingulate cortex; 
mPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex. 
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In addition to these cortical changes, AN subjects displayed significant MD 
increases in subcortical regions such as the caudate nuclei (left: controls 1.15±0.03; 
AN 1.32± 0.04; right: controls 1.16± 0.04, AN 1.33±0.04) and thalamus (left: controls 
1.43±0.03, AN 1.61±0.03; right: controls 1.39±0.03, AN 1.54±0.03) and in white 
matter fibre bundles such as the fornix (controls 1.83±0.04, AN 2.05±0.04) and corpus 
callosum (controls 1.17±0.02, AN 1.29±0.02). Plots of individual subjects MD values 
for eight of these clusters are shown in Figure 2. These individual subject plots reveal 
a consistent pattern of greater MD in individuals with AN in comparison with controls. 
 
 
ACC: anterior cingulate cortex. 
FIGURE 2. Plots of the mean diffusivity values in 26 underweight girls with anorexia 
nervosa (AN, grey circles) and 20 age and gender matched controls (black circles) in 
8 significant clusters. The mean (±SEM) values for the control (black bar graphs) and 
AN (grey bar graphs) groups are also shown for each cluster. Note the consistency of 
the MD values within each group for each cluster.  
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DISCUSSION 
We have found changes in mean diffusivity of water, indicative of structural 
changes in regions of the frontal, temporal, parietal and occipital cortices, as well as 
in several subcortical regions of underweight adolescent girls with AN in comparison 
to age and gender matched healthy control participants. MD was greater in widespread 
regions of the limbic system, including in the region of the prefrontal, cingulate, insular 
and hippocampal cortices, as well as in higher sensory integration regions such as the 
parietal association cortices. Subcortical MD differences occurred in the caudate 
nuclei and thalamus in addition to changes in large white matter tracts such as the 
corpus callosum and fornix. These cortical and subcortical MD increases are in much 
the same locations as the reduced grey matter volume changes reported in our previous 
investigation using the same subject groups.  
Diffusion tensor imaging is a technique in which the analysis of the ease of 
water movement can be used to identify possible abnormalities in the underlying 
microstructure (Pierpaoli et al., 1996). Myelinated axonal fibres of white matter restrict 
the movement of free-water parallel to the long axis of the tract whereas cell 
membranes restrict water diffusion in cellular spaces of grey matter (Bihan, 1995). 
Therefore, changes in the local cell structure and/or myelination can affect the water 
movement (Alexander et al., 2007). The parameter MD indicates the mean water 
diffusion ease along all axes and is thus direction independent (Basser and Jones, 
2002). 
Our analysis revealed significant increases in MD in large areas of the brain of 
underweight girls with AN. Consistent with our previous grey matter volume study, 
alterations appeared in multiple areas of the limbic system including the anterior, mid- 
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and posterior cingulate cortices. Whilst the cingulate cortex participates in a range of 
higher-order functions, overall it is considered to be involved in emotional processing, 
influencing subsequent motivational behaviours (Vogt, 2014). Previous studies have 
linked functional and structural alterations in the cingulate cortex to disease severity 
in AN (Bär et al., 2015; Mühlau et al., 2007). In addition to the cingulate cortex, we 
found increased MD in other regions considered part of the limbic system included in 
the prefrontal cortices, the hippocampus and the fibre bundle connecting the 
hippocampus to the hypothalamus – the fornix. Our reported changes in the fornix are 
consistent with previous studies which also report alterations in the fornix in both 
adults and adolescents with AN (Frank et al., 2013; Kazlouski et al., 2011; Nagahara 
et al., 2014; Via et al., 2014). Preclinical studies have shown that transection of the 
fornix results in rodents becoming more resistant to behavioural extinction, altering 
their feeding and drinking pattern (Osborne et al., 1987; Osborne and Dodek, 1986). 
As suggested by Frank (2015), the high MD seen in the fornix in individuals with AN 
may underlie the disrupted eating and behavioural patterns of AN subjects in this and 
other investigation. However, it is also possible that the fornix is particularly sensitive 
to changes in blood flow and hence nutrient and oxygen delivery in AN; after all, 
reductions in the diameter of the fornix have also been shown in heart failure and 
obstructive sleep apnoea, both of which feature disturbed cerebral perfusion and/or 
cerebral ischaemia (Kumar et al., 2008; Kumar et al., 2009). 
In addition to changes in the limbic system, the right and left parietal 
association cortex also displayed significantly greater MD in AN compared with 
controls. This result is consistent with a previous study which also reported higher MD 
in this cortical region in a group of adults with acute and recovered anorexia nervosa 
(Frieling et al., 2012). It is known that this cortical region integrates multi-sensory 
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information and is important for spatial sense. It appears to be particularly important 
for attending to complex stimuli in the external and internal environment (Purves and 
Williams, 2001) and plays a critical role in the localization of the body; something that 
has been associated with body image perception in AN (Fogassi and Luppino, 2005; 
Grunwald et al., 2002). Interestingly, the area of the corpus callosum that contains 
interhemispheric fibres between the left and right parietal cortex also displayed a 
significant increase in MD in AN subjects. This change in consistent with previous 
investigations in adults with AN (Frank et al., 2013; Travis et al., 2015). It may be the 
case that integration between the left and right parietal association cortices are also 
altered in this condition. The insular cortex is another multi-sensory integrative region 
that is also regarded as one of the key areas critical for the development of AN (Nunn 
et al., 2011). The insular is considered to be interoceptive cortex, monitoring the 
internal state of the body as well as containing the primary sensory cortex for gustation 
and olfaction (Craig, 2003). The insula is likely involved in our emotional responses 
to food, our awareness of internal and external body state and is critical for emotional 
processing (Nagai et al., 2007; Namkung et al., 2017; Paulus and Stein, 2006). Not 
surprising then is that dysfunction of this region likely explains some of the behaviours 
and symptoms associated with AN (Madden, 2015). To our knowledge, our study is 
the first to report changes in water diffusion, as high MD, in this region in adolescents 
with AN. 
Subcortical regions such as the caudate nuclei and thalamus also present high 
MD in AN. The caudate nuclei receive inputs from the association cortices and project 
to the thalamic nuclei, which have connections to prefrontal and cingulate cortices 
(Rolls, 1994). Both of these structures appear to be involved in a reward system 
composed of cortico-basal ganglia- thalamic regions. Altered reward processing has 
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been previously considered to be related to these regions in anorexia nervosa (Wagner 
et al., 2007). 
The present findings show that in multiple cortical and subcortical structures, 
free-water diffuses more freely in underweight girls with AN than in controls. Whilst 
the precise underlying cellular changes responsible for this change is not known, it 
could be that the increase in MD represents a loss of neurons or supporting cells and 
thus free-water movement is less restricted. It is possible that these changes result in 
altered local neural processing which in turn is reflected in the range of symptoms and 
behaviours typical of the condition that distinguishes adolescent girls with anorexia 
nervosa from healthy controls. Furthermore, some aspects of AN have been reported 
to be significantly correlated to regional brain water diffusion changes in earlier 
studies, such as disturbed eating pattern, altered body perception, anxiety and emotion 
processing (Kazlouski et al., 2011). One major question that it is not known whether 
these alterations are present before individuals develops the eating disorder and if such 
brain changes recede as the disorder resolves. Longitudinal studies to follow-up the 
same participants over time are needed to elucidate more details about these brain areas 
(King et al., 2017).  
 
Limitations 
We obtained MRI brain scans from 26 underweight adolescent girls with AN 
and 20 healthy age-gender matched healthy controls. The study of the progress and 
possible recovery of these alterations with weight regain in longitudinal samples is 
needed. Further, comparisons with control participants who have similar eating 
disorder symptoms and/or levels of other psychopathology such as depression and 
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anxiety, but who are not underweight (such as people with bulimia nervosa) are needed 
to determine the diagnostic specificity of changes.  
 
CONCLUSION 
Adolescent girls with anorexia nervosa present water diffusion changes shown 
by an increase of mean diffusivity in cortical and subcortical brain regions during the 
acute state of the disorder. Areas of the fornix, thalamus, corpus callosum, caudate 
nuclei, insular cortex, parietal association cortices and cingulate cortices are altered. 
However, it remains unclear if these alterations solve with longer treatment or if they 
persist permanently in the brain. Future studies analysing the water diffusivity in the 
brain should consider the follow-up of adolescent samples with anorexia nervosa to 
compare findings.    
 
  
86 
 
REFERENCES 
Alexander AL, Lee JE, Lazar M and Field AS (2007) Diffusion Tensor Imaging of 
the Brain. Neurotherapeutics 4(3): 316-329. 
American Psychiatric Association (2013) Diagnostic and Statistical Manual of 
Mental Disorders. Washington, DC: American Psychiatric Publishing. 
Bär K, MD, de la Cruz F, Berger S, MD, Schultz CC, MD and Wagner G, PhD 
(2015) Structural and functional differences in the cingulate cortex relate to disease 
severity in anorexia nervosa. Journal of Psychiatry & Neuroscience 40(4): 269-279. 
Basser PJ and Pierpaoli C (2011) Microstructural and Physiological Features of 
Tissues Elucidated by Quantitative-Diffusion-Tensor MRI.  
Beglin S and Fairburn C (1992) Evaluation of a new instrument for the detection of 
eating disorders in community samples. Psychiatry Research 44(3): 191-201. 
Bihan DL (2003) Looking into the functional architecture of the brain with diffusion 
MRI. Nature Reviews Neuroscience 4(6): 469-480. 
Bomba M, Riva A, Morzenti S, Grimaldi M, Neri F and Nacinovich R (2015) Global 
and regional brain volumes normalization in weight-recovered adolescents with 
anorexia nervosa: preliminary findings of a longitudinal voxel-based morphometry 
study. Neuropsychiatric Disease and Treatment 9(11): 637-645. 
Castro-Fornieles J, Caldú X, Andrés-Perpiñá S, Lázaro L, Bargalló N, Falcón C, et 
al. (2010) A cross-sectional and follow-up functional MRI study with a working 
memory task in adolescent anorexia nervosa. Neuropsychologia 48(14): 4111-4116. 
Craig A (2003) Interoception: the sense of the physiological condition of the body. 
Current Opinion in Neurobiology 13(4): 500-505. 
Favaro A, Caregaro L, Tenconi E, Bosello R and Santonastaso P (2009) Time trends 
in age at onset of anorexia nervosa and bulimia nervosa. Journal of Clinical 
Psychiatry 70(12): 1715-1721. 
Fogassi L and Luppino G (2005) Motor Functions of the Parietal Lobe.  
Frank G, Shott M, Hagman J and Yang T (2013) Localized brain volume and white 
matter integrity alterations in adolescent anorexia nervosa. Journal of the American 
Academy of Child and Adolescent Psychiatry 52(10): 1066-1075.e5. 
Frank GKW (2015) Advances from neuroimaging studies in eating disorders. CNS 
Spectrums 20(4): 391-400. 
Frieling H, Fischer J, Wilhelm J, Engelhorn T, Bleich S, Hillemacher T, et al. (2012) 
Microstructural abnormalities of the posterior thalamic radiation and the mediodorsal 
thalamic nuclei in females with anorexia nervosa - A voxel based diffusion tensor 
imaging (DTI) study. Journal of Psychiatric Research 46(9): 1237-1242. 
87 
 
Grunwald M, Ettrich C, Busse F, Assmann B, Dähne A and Gertz H (2002) Angle 
Paradigm.  
Hay PJ, Mond J, Buttner P and Darby A (2008) Eating disorder behaviors are 
increasing: findings from two sequential community surveys in South Australia. 
PLoS One 3(2): e1541. 
Jacobi C, Hayward C, de Zwaan M, Kraemer HC and Agras WS (2004) Coming to 
Terms With Risk Factors for Eating Disorders: Application of Risk Terminology and 
Suggestions for a General Taxonomy. Psychological Bulletin 130(1): 19-65. 
Kazlouski D, Rollin MH, Tregellas J, Shott ME, Jappe LM, Hagman JO, et al. (2011) 
Altered fimbria-fornix white matter integrity in anorexia nervosa predicts harm 
avoidance. Psychiatry Research - Neuroimaging 192(2): 109-116. 
King JA, Frank GKW, Thompson PM and Ehrlich S (2017) Structural Neuroimaging 
of Anorexia Nervosa: Future Directions in the Quest for Mechanisms Underlying 
Dynamic Alterations.  
Klump KL, Bulik CM, Kaye WH, Treasure J and Tyson E (2009) Academy for 
eating disorders position paper: Eating disorders are serious mental illnesses. 
International Journal of Eating Disorders 42(2): 97-103. 
Kumar R, Woo MA, Birrer BVX, Macey PM, Fonarow GC, Hamilton MA, et al. 
(2009) Mammillary Bodies and Fornix Fibers are Injured in Heart Failure.  
Kumar R, Birrer BVX, Macey PM, Woo MA, Gupta RK, Yan-Go F, et al. (2008) 
Reduced mammillary body volume in patients with obstructive sleep apnea. 
Neuroscience Letters 438(3): 330-334. 
Madden S (2015) Biopsychiatric Theories of Eating Disorders. In: Smolak L and 
Levine MP (eds) The Wiley Handbook of Eating Disorders. : John Wiley & Sons, 
Ltd, 209-221. 
Mainz V, Schulte-Ruther M, Fink G, Herpertz-Dahlmann B and Konrad K (2012) 
Structural Brain Abnormalities in Adolescent Anorexia Nervosa Before and After 
Weight Recovery and Associated Hormonal Changes. Psychosomatic Medicine 
74(6): 574-582. 
Martin Monzon B, Hay P, Foroughi N and Touyz S (2016) White matter alterations 
in anorexia nervosa: A systematic review of diffusion tensor imaging studies. World 
Journal of Psychiatry 6(1): 177-186. 
Martin Monzon B, Henderson LA, Madden S, Macefield VG, Touyz S, Kohn MR, et 
al. (2017) Grey matter volume in adolescents with anorexia nervosa and associated 
eating disorder symptoms. European Journal of Neuroscience 46(7): 2297-2307. 
Micali N, Hagberg KW, Petersen I and Treasure JL (2013) The incidence of eating 
disorders in the UK in 2000-2009: findings from the General Practice Research 
Database. BMJ Open 3:e002646. 
88 
 
Mond JM, Hay PJ, Rodgers B and Owen C (2006) Eating Disorder Examination 
Questionnaire (EDE-Q): Norms for young adult women. Behaviour Research and 
Therapy 44(1): 53-62. 
Mühlau M, Gaser C, Ilg R, Conrad B, Leibl C, Cebulla MH, et al. (2007) Gray 
Matter Decrease of the Anterior Cingulate Cortex in Anorexia Nervosa. Ajp 164(12): 
1850-1857. 
Nagahara Y, Nakamae T, Nishizawa S, Mizuhara Y, Moritoki Y, Wada Y, et al. 
(2014) A tract-based spatial statistics study in anorexia nervosa: Abnormality in the 
fornix and the cerebellum. Progress in Neuro-Psychopharmacology and Biological 
Psychiatry 51: 72-77. 
Nagai M, Kishi K and Kato S (2007) Insular cortex and neuropsychiatric disorders: 
A review of recent literature. European Psychiatry 22(6): 387-394. 
Namkung H, Kim S and Sawa A (2017) The Insula: An Underestimated Brain Area 
in Clinical Neuroscience, Psychiatry, and Neurology. Trends in Neurosciences 40(4): 
200-207. 
Nunn K, Frampton I, Fuglset TS, Törzsök-Sonnevend M and Lask B (2011) 
Anorexia nervosa and the insula. Medical Hypotheses 76(3): 353-357. 
Osborne B, Silverhart T, Markgraf C and Seggie J (1987) Effects of fornix 
transection and pituitary-adrenal modulation on extinction behavior. Behavior 
Neuroscience 101: 504-512. 
Osborne B and Dodek AB (1986) Disrupted patterns of consummatory behavior in 
rats with fornix transections. Behavioral and Neural Biology 45(2): 212-222. 
Paulus MP and Stein MB (2006) An Insular View of Anxiety. Biological Psychiatry 
60(4): 383-387. 
Purves D and Williams SM (2001) Neuroscience. Sunderland (MA): Sunderland, 
Mass.: Sinauer Associates. 
Qian J, Qiang HU, Yumei WAN, Ting LI, Mudan WU, Zhiqun REN, et al. (2013) 
Prevalence of eating disorders in the general population: a systematic review. 
Shanghai Archives of Psychiatry 25(4): 212-223. 
Rolls E (1994) Neurophysiology and cognitive functions of the striatum. Revue 
Neurologique 150(8-9): 648-660. 
Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al. (1998) 
The Mini-International Neuropsychiatric Interview (M.I.N.I.): the development and 
validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-10. 
Journal of Clinical Psychiatry 59(Suppl 20): 22-33. 
89 
 
Smink FRE, van Hoeken D and Hoek HW (2012) Epidemiology of Eating Disorders: 
Incidence, Prevalence and Mortality Rates. Current Psychiatry Reports 14(4): 406-
414. 
Swanson S, Crow S, Le Grange D, Swendsen J and Merikangas K (2011) Prevalence 
and Correlates of Eating Disorders in AdolescentsResults From the National 
Comorbidity Survey Replication Adolescent Supplement. Archives of General 
Psychiatry 68(7): 714-723. 
Travis KE, Golden NH, Feldman HM, Solomon M, Nguyen J, Mezer A, et al. (2015) 
Abnormal White Matter Properties in Adolescent Girls with Anorexia Nervosa.  
Treasure T, Zipfel S, Micali N, Wade T, Stice E, Claudino A, et al. (2015) Anorexia 
nervosa. Nature Reviews. Disease Primers 1: 1-21. 
Van den Eynde F and Treasure J (2009) Neuroimaging in Eating Disorders and 
Obesity: Implications for Research. Child and Adolescent Psychiatric Clinics of 
North America 18(1): 95-115. 
Via E, Zalesky A, Sánchez I, Forcano L, Harrison BJ, Pujol J, et al. (2014) 
Disruption of brain white matter microstructure in women with anorexia nervosa. 
Journal of Psychiatry and Neuroscience 39(6): 367-375. 
Vogt BA (2014) Submodalities of Emotion in the Context of Cingulate Subregions.  
Wagner A, Aizenstein H, Venkatraman V, Fudge J, May J, Mazurkewicz L, et al. 
(2007) Altered reward processing in women recovered from anorexia nervosa. The 
American Journal of Psychiatry 164(12): 1842-1849. 
Zigmond AS and Snaith RP (1983) The Hospital Anxiety and Depression Scale. Acta 
Psychiatrica Scandinavica 67(6): 361-370. 
Zipfel S, Giel KE, Bulik CM, Hay P and Schmidt U (2015) Anorexia nervosa: 
aetiology, assessment, and treatment. The Lancet Psychiatry 2(12): 1099-1111. 
  
90 
 
CHAPTER 5. NORMALIZATION OF BRAIN WATER 
DIFFUSION IN WEIGHT-RESTORED ADOLESCENTS 
WITH ANOREXIA NERVOSA 
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ABSTRACT 
Anorexia nervosa (AN) is an eating disorder of high medical and psychological 
impact in young people. In addition to other neurocognitive deficits, neuroimaging 
studies have found microstructural abnormalities in adolescents and adults with AN. 
However, it is unclear how much these changes are due to starvation and how much to 
other illness effects. Using diffusion tensor imaging (DTI), we have found alterations 
in mean diffusivity of the cingulate cortex, parietal association cortices, hippocampus, 
fornix, thalamus, corpus callosum, insula and prefrontal cortices in adolescents with 
AN. After short-term weight restoration, these changes normalized towards healthy 
control levels. There was a significant negative correlation between the normalization 
of MD in the MCC and the decrease in depression symptoms. The findings suggest 
early reversal of starvation in adolescents with AN may prevent further neurological 
alterations. 
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INTRODUCTION 
 Anorexia nervosa (AN) is an eating disorder characterized by severe food 
restriction and weight loss, affecting the individual’s mental and physical health 
(American Psychiatric Association, 2013). Adolescence is a crucial time for the 
development of AN, where high incidence rates have been found (Zipfel et al., 2015). 
It is a multi-faceted mental health disorder, in which social, genetic, psychological and 
biological factors are involved (Jacobi et al., 2004). For instance, compared to age-
matched healthy controls structural changes in the brain have been reported in both 
adolescent and adults with AN (Frank, G. K. W., 2015; Phillipou et al., 2014; Treasure 
et al., 2015). These have been associated with AN symptoms and behaviours, such as 
a rigid eating pattern and body image distortion (Frank, G. et al., 2013; Martin Monzon 
et al., 2017).  
Imaging techniques such as voxel-based morphometry (VBM) and diffusion 
tensor imaging (DTI) can be used to study brain structure in AN (Bandettini, 2009). 
DTI measures the water diffusion in the brain, which reflect microstructural alterations 
underlying the physiological and pathological states of the individual (Bihan, 2003; 
Pierpaoli et al., 1996). In this sense, water diffusion abnormalities have been found in 
neurodevelopmental disorders such as schizophrenia as well in depression, anxiety and 
personality disorders (White et al., 2008). In the case of AN, this line of enquiry is 
very new, with few reports of structural changes in the brain and inconclusive findings 
(Martin Monzon et al., 2016); clearly, there is a need for more studies to investigate 
the relevance of these changes (King et al., 2017).  
The majority of studies using DTI in AN have analysed adult samples. These 
have reported water diffusion abnormalities in the fornix and several regions of the 
94 
 
parietal, frontal, occipital and temporal lobes (Frieling et al., 2012; Kazlouski et al., 
2011). In adolescent samples, water diffusion changes have been reported in the fornix, 
corpus callosum, corticospinal tract, posterior corona radiata, corticopontine tract and 
superior longitudinal fasciculus (Frank, G. et al., 2013). It is unclear if these 
abnormalities change during the course of the disorder, and especially if they 
normalize after weight-restoration.  
Adolescence is a crucial time for brain maturation and the presence of brain 
alterations could affect the healthy neurodevelopment of the individual. We found in 
a previous study of adolescent girls with AN that grey matter volume reductions in 
areas of the prefrontal cortex, insular, mid- and posterior cingulate cortex, thalamus 
and left hippocampus do recover and normalize towards healthy control levels with 
weight gain (Martin Monzon et al., 2017). Considering these findings, and knowing 
that the water mobility in brain tissues is dependent on the tissue architecture (Bihan, 
1995), we could expect brain water diffusion to normalize with nutritional 
rehabilitation. The aim of the present study is thus to analyse the water diffusion in 
adolescent girls with AN in comparison to healthy control individuals before and after 
weight restoration. We hypothesize that underweight adolescent girls with anorexia 
nervosa will present altered water diffusivity in areas of the hippocampus, parietal 
association and cingulate cortices and the white matter tracts connecting these regions. 
We also hypothesize that these abnormalities will reduce after weight restoration, with 
water diffusivity returning towards healthy control levels.  
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MATERIALS AND METHODS 
Participants 
Ten underweight adolescent girls diagnosed with AN (undAN) according to 
the Diagnostic and Statistical Manual of Mental Disorders criteria (DSM-5) (American 
Psychiatric Association, 2013) were recruited at the Children’s Hospital at Westmead 
(Sydney, Australia) (mean±SEM age 16.1 ± 1.5, range 14-19 years, all females). The 
control group comprised ten age matched healthy volunteers (HC) who were recruited 
from the Greater Western Sydney area (mean age: 16 ± 0.9, range 14-17 years, all 
females). There was no significant difference in age between groups (t-test, p>0.05). 
Exclusion criteria for both undAN and HC were: suffering from claustrophobia, major 
neurological brain impairment/injury, or current post-traumatic stress disorder, being 
in intensive care, having a metallic implant or heart pacemaker or either metal chips 
or metallic eye clips, and/or having extensive dental work involving metal. 
Demographic characteristics of the participants can be found in Table 1.   
 
  
96 
 
Table 1. Demographic characteristics of the participants. Significant differences are 
presented in coloured grey cells. ANr, anorexia nervosa restrictive subtype; ANp, 
anorexia nervosa purgative subtype; BMI, Body Mass Index; EDE-Q, Eating Disorder 
Examination Questionnaire; HADS, Hospital Anxiety and Depression Scale; HC, 
healthy control participants; w-resAN, weight-restored participants of anorexia 
nervosa; SEM, Standard error of the mean; undAN, underweight participants with 
anorexia nervosa.  
 
undAN 
Mean 
(SEM) 
w-resAN 
Mean 
(SEM) 
HC  
Mean 
(SEM) 
P  
(undAN, 
w-resAN) 
P 
(HC, 
undAN) 
P  
(HC, 
w-resAN) 
Sample 
size 10 
10 - - - 
Age 16.1 (0.48) 
16 
(0.28) 
- - - 
AN subtype 9 ANr, 1 ANp - - - - 
BMI 
16.31 
(0.33) 
18.95 
(0.27) 
21.06 
(0.85) 
<0.001*** <0.001*** 0.029* 
EDE-Q 
Global 
score 
3.73 
(0.50) 
2.68 
(0.57) 
1.50 
(0.24) 
0.004** <0.001*** 0.070 
HADS-
Anxiety 
11.7 
(1.23) 
10.7 
(0.31) 
7.6 
(1.37) 
0.31 0.039* 0.16 
HADS-
Depression 
7.4 
(1.67) 
5.4 
(1.10) 
4.5 
(1.11) 
0.22 0.16 0.57 
Recovery 
time/days 
67.3 (26.35) - - - - 
 
All AN participants had the eating disorder for less than 3 years and were 
recruited in the first week of their admission to a specialist paediatric eating disorder 
program at the hospital. Treatment included refeeding, individual psychological 
support and preparation for the outpatient family-based therapy (Lock and Le Grange, 
2013), with family meetings and psychoeducation. Girls with AN were refed initially 
with 24 to 72 hours of continuous nasogastric feeds which ceased with day-time 
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medical stability (heart rate > 50bpm, blood pressure > 80/40mmHg, temperature > 36 
C, no cardiac arrhythmias and normal biochemistry). This was followed by a 
combination of nocturnal feeds and an oral meal plan for a total intake of 2400 to 3000 
kcal/day. The nasogastric feeding duration was determined by markers of medical 
instability (Madden, Miskovic-Wheatley, Clarke et al., 2015). The patients were all 
hydrated as they have been medically stabilised. They were managed on a specialist 
eating disorder unit with a lenient behavioural program which included hospital-based 
school attendance, a daily adolescent group program and a second daily physiotherapy 
program. There were daily medical and psychiatric reviews and three supportive 
psychotherapy sessions each week (Madden, Miskovic-Wheatley, Wallis et al., 2015). 
HC participants were of a normal weight range for age, height and gender and did not 
have a current or past history of an eating disorder or any major psychiatric disorder, 
as assessed with the Mini Structured Clinical Interview for the DSM (Sheehan et al., 
1998).  
Both undAN and HC participants had a magnetic resonance imaging (MRI) 
brain scan. UndAN had the MRI scan after being medically stabilised with normal 
biochemistry levels. The Eating Disorder Examination Questionnaire (EDE-Q) 
(Beglin and Fairburn, 1992) and the Hospital Anxiety and Depression Rating Scale 
(HADS) (Zigmond and Snaith, 1983) were used to determine levels of AN behaviours 
and general psychological symptoms. Informed consent was prior obtained from all 
participants and from the parents of those under the age of 16 (consistent with practice 
in NSW). When undAN participants improved to at least 85% of their Expected Body 
Weight (%EBW) (Le Grange et al., 2012) whilst at the specialist paediatric eating 
disorder hospital program, they were asked to participate in a second MRI scan of the 
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brain (w-resAN). The second MRI session was conducted on average of 67 days (range 
13-294 days; ± 26.4 SEM; 38.5 median) following the first MRI session. 
The study protocol (HREC/13/SCHN/385) received approval from the Human 
Research Ethics Committees of Children’s Hospital at Westmead, Western Sydney 
University and Westmead Hospital, following the principles stated in the World 
Medical Association of Helsinki (1964 and following amendments).  
 
Questionnaires: 
AN and control participants completed the Eating Disorder Examination 
Questionnaire (EDE-Q) (Beglin and Fairburn, 1992) to assess general eating disorder 
symptomatology. Restraint, eating concern, shape concern and weight concern 
subscale scores and a global score are derived from the 22 items addressing attitudinal 
aspects of eating-disorder psychopathology and Australian community normative data 
for these are published (Mond et al., 2006). The scale has acceptable internal 
consistency, test-retest reliability and temporal stability. In addition, each AN and 
control subject completed the Hospital Anxiety and Depression Scale (HADS) 
(Zigmond and Snaith, 1983). This 14 item-questionnaire provides an overall indication 
of the individual’s anxiety and depression levels and has robust psychometrics. 
 
MRI acquisition and analysis 
MRI scans from all subjects were collected on a GE 3 Tesla HDxt Twinspeed 
magnet system. A DTI set was collected covering the entire brain in every subject (55 
axial slices, echo time [TE]=95, time repetition [TR]=1700ms, raw voxel size 
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2.5x2.5x2.5, 2.5mm thick, 128x128 matrix size). For each slice, diffusion gradients 
were applied along 32 directions (b=1000 s/mm2) and 4 b0 images. A high-resolution 
T1-weighted image of the brain in sagittal orientation (spoiled gradient recalled 
acquisition [SPGR], TE= 3.2ms, TR=8.3ms, flip angle= 11 degrees, FOV= 25.6cm, 
matrix size= 256x256, raw voxel size: 1mm3) was also collected.  
Diffusion tensor images were processed using Statistical Parametric Mapping 
software (version 12). Images were realigned and averaged to calculate the diffusion 
tensor using a linear model (Basser and Pierpaoli, 2011). Mean diffusivity (MD) maps 
were derived and images were spatially normalized to the Montreal Neurological 
Institute (MNI) template, modulated and smoothed using a 6mm full-width half-
maximum Gaussian filter. To determine regional changes in MD over the entire brain, 
a voxel-by-voxel analysis was initially performed to search for significant differences 
between the 10 undAN participants and 10 HC volunteers, considering all subjects as 
random (p<0.05, false discovery rate corrected for multiple comparisons, age included 
as nuisance variable). Significant MD differences were overlaid onto an individual’s 
T1-weighted anatomical image for visualization (Figure 1).  
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Figure 1. Mean diffusivity in underweight adolescent girls with anorexia nervosa in 
comparison to healthy controls. The hot colour scale indicates regions in which mean 
diffusivity is greater in underweight girls with anorexia nervosa compared to healthy 
controls. MD differences are overlaid onto a mean of all subjects T1-weighted 
anatomical spatially normalized in Montreal Neurological Institute (MNI) space. Slice 
locations in MNI space are indicated at the lower left of each slice. ACC: anterior 
cingulate cortex, dlPFC: dorsolateral prefrontal cortex, MCC: mid-cingulate cortex, 
PCC: posterior cingulate cortex. 
 
We also conducted a voxel-by-voxel analysis of the 10 participants with AN 
before (undAN) and after short-term weight restoration (w-resAN) using a two-group 
random effects procedure (p<0.05, false discovery rate corrected for multiple 
comparisons, age included as a nuisance variable). We then compared undAN with 
w-resAN image sets using a paired random-effects procedure (p<0.05, false discovery 
rate for multiple comparisons) to determine MD changes after weight recovery. 
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Significant clusters were overlaid onto a standard whole-brain template in MNI space 
and changes in MD values were extracted and plotted for significant clusters in all 
groups (Figure 2).  
 
Figure 2. Mean diffusivity in weight-restored girls with anorexia nervosa in 
comparison to underweight girls with anorexia nervosa. The cold colour scale indicates 
regions in which mean diffusivity is greater in underweight girls with anorexia nervosa 
compared to weight-restored girls with anorexia nervosa. MD differences are overlaid 
onto a mean of all subjects T1-weighted anatomical spatially normalized in Montreal 
Neurological Institute (MNI) space. Slice locations in MNI space are indicated at the 
lower left of each slice. ACC: anterior cingulate cortex, dlPFC: dorsolateral prefrontal 
cortex, MCC: mid-cingulate cortex, PCC: posterior cingulate cortex. 
 
Furthermore, we determined the regions in which MD values were (i) 
significantly reduced in undAN compared with HC and (ii) those that recovered 
following treatment by creating an overlap of the 10 undAN versus 10 HC results and 
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the 10 undAN versus 10 w-resAN results. We extracted MD values of the resulting 
overlapping clusters for each subject, which indicate regions that were reduced and 
then recovered during treatment and plotted and significant differences between 
undAN and w-resAN were determined (p<0.05) (Figure 3).  
 
Figure 3. Overlap between mean diffusivity values of underweight girls with anorexia 
nervosa versus healthy controls and weight-restored girls with anorexia nervosa versus 
underweight girls with anorexia nervosa. The green colour indicates regions in which 
mean diffusivity is comparable to healthy control participants in adolescent weight-
restored with anorexia nervosa. MD differences are overlaid onto a mean of all subjects 
T1-weighted anatomical spatially normalized in Montreal Neurological Institute 
(MNI) space. Slice locations in MNI space are indicated at the lower left of each slice. 
ACC: anterior cingulate cortex, dlPFC: dorsolateral prefrontal cortex, MCC: mid-
cingulate cortex, PCC: posterior cingulate cortex. 
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Finally, to determine whether there were significant relationships between the 
MD changes and modifications in symptomatology of the participants with AN before 
and after weight restoration, we performed linear regression analyses (p<0.0025 
Bonferroni corrected for multiple comparisons). We used the MD values from the 
regions that were recovered after weight restoration treatment in AN and no longer 
significantly different from controls and the values reflecting the changes in 
symptomatology after weight restoration. Specifically, to test our hypotheses, we 
conducted the analyses in the left hippocampus, right parietal association cortex, 
anterior, mid- and posterior cingulate cortices and the Global EDE-Q, as well as the 
anxiety and depression subscales of the HADS and the BMI increases.  
 
RESULTS 
Underweight girls with AN had high mean diffusivity in the following cortical 
areas: bilateral dorsolateral (dlPFC) and medial (mPFC) prefrontal cortices, anterior, 
mid- and posterior cingulate cortex (ACC, MCC and PCC respectively), bilateral 
insular cortex, parietal association cortices, bilateral precuneus, bilateral hippocampus 
and bilateral occipital cortex. Subcortical regions as the fornix, corpus callosum, 
bilateral caudate nuclei and bilateral thalamus also showed an increase in mean 
diffusivity compared to HC participants (p<0.05) (Figure 1). The locations, sizes and 
statistical significance of clusters derived from the 10 undAN versus 10 HC analysis 
can be found in Table 2.  
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Table 2. Montreal Neurological Institute coordinates, cluster sizes and t scores for 
regions of significant difference between 10 underweight participants with anorexia 
nervosa (undAN) and 10 healthy control participants (HC).  
Brain region X Y Z t value Cluster size 
Left caudate nucleus -14.63 8.54 15.69 8.18 72864 
Right caudate nucleus 16.17 9.30 18   
Corpus callosum 0.77 -13 24.93   
Left cerebellum -26.94 -79.15 -38.96   
Right cerebellum 28.48 -76.84 -38.96   
Fornix 0.00 -4.54 8.76   
Left insular cortex -36.95 -7.62 9.53   
Right insular cortex 40.80 -4.54 4.91   
Left hippocampus -30.04 -39.93 -2.80   
Right hippocampus 24.00 -46.50 -3.00   
MCC 0.77 -16.08 36.47   
PCC -7.29 -49.93 33.40   
Left dlPFC -42.34 22.38 19.54   
Left occipital cortex -18.00 -99.18 -5.88   
Right occipital cortex 15.40 -98.38 3.37   
Left parietal association cortex -27.71 -73.76 31.50   
Right parietal association cortex 28.48 -74.53 31.50   
Left precuneus -6.93 -54.53 48.79   
Left thalamus -5.39 -3.76 7.22   
Right thalamus 6.93 -7.62 8.76   
Right mPFC 28.50 54.72 6.45 6.03 209 
Right dlPFC 43.88 22.50 21.85 4.90 1348 
Left mPFC -21.57 53.18 5.68 4.57 185 
ACC 7.70 40.10 -5.88 4.49 273 
Right OFC 23.86 43.92 -15.87 4 53 
Left OFC -3.08 40.84 -15.87 3.31 17 
Right precuneus 5.39 -56.09 51.89 2.85 18 
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After short-term weight restoration, the 10 participants with AN had a decrease 
in MD in ACC, MCC, PCC, bilateral insular cortex, bilateral parietal association 
cortices and bilateral hippocampus. The fornix, the rostrum-genu section of the corpus 
callosum, right caudate nucleus and right superior thalamus also had MD decreases 
(p<0.05). The locations, sizes and statistical significance of clusters derived from the 
10 w-resAN versus 10 undAN analysis can be found in Table 3. 
 
Table 3. Montreal Neurological Institute coordinates, cluster sizes and t scores for 
regions of significant difference between 10 underweight participants with anorexia 
nervosa (undAN) and 10 weight-restored participants with anorexia nervosa (w-
resAN).  
Brain region X Y Z t value Cluster size 
Right dlPFC 43.88 22.50 21.85 11.45 18955 
Right insular cortex 40.80 -4.54 4.91   
Right mPFC 28.76 43.95 18.00   
Right occipital cortex 11.12 -98.41 4.91   
Right parietal association cortex 28.48 -74.53 31.50   
Left occipital cortex -18.00 -99.18 -5.88 10.06 7661 
Left parietal association cortex -27.71 -73.76 31.50   
MCC 2.68 -3.76 36 9.31 8774 
PCC -7.50 -44.55 34.17   
Left insular cortex -36.95 -7.62 9.53 9.10 2436 
Left dlPFC -42.34 22.38 19.54 6.78 976 
Corpus callosum 1.15 21.63 -2.03 6.36 691 
Right caudate nucleus 10.78 10.86 1.83   
Fornix -0.38 3.93 -7.42   
Left mPFC -25.42 40.87 21.85 6.15 748 
ACC 7.29 40.10 -8.19 5.24 144 
Right thalamus 6.93 -13.77 14.15 4.72 81 
Left cerebellum -36.43 -74.56 -40.54 4.11 21 
Right cerebellum 30.81 -48.40 -28.98 3.63 10 
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Weight restoration resulted in normalisation of MD. The majority of the brain 
areas showing changes in MD in undAN did not significantly differ in w-resAN and 
HC participants. These areas include the ACC (all P > 0.05, mean ± SEM x10-3 MD: 
HC 0.0009 ± 0.01; undAN 0.001 ± 0.03; w-resAN 0.001 ± 0.02), MCC (HC 0.0008 ± 
0.02; undAN 0.001 ± 0.04; w-resAN 0.0009 ± 0.03), PCC (HC 0.0009 ± 0.01; undAN 
0.001 ± 0.03; w-resAN 0.0009 ± 0.02), bilateral insular cortex (left: HC 0.001 ± 0.02; 
undAN 0.001 ± 0.04; w-resAN 0.001 ± 0.03; right: HC 0.001 ± 0.02; undAN 0.001 ± 
0.04; w-resAN 0.001 ± 0.03), bilateral parietal association cortices (left: HC 0.0009 ± 
0.01; undAN 0.001 ± 0.03; w-resAN 0.001 ± 0.03; right: HC 0.0008 ± 0.01; undAN 
0.001 ± 0.03; w-resAN 0.0009 ± 0.02) and bilateral hippocampus (HC 0.001 ± 0.04; 
undAN 0.001 ± 0.09; w-resAN 0.001 ± 0.09). Some sections of the corpus callosum 
(HC 0.001 ± 0.04; undAN 0.001 ± 0.03; w-resAN 0.001 ± 0.04), fornix (HC 0.002 ± 
0.03; undAN 0.002 ± 0.06; w-resAN 0.002 ± 0.07) and right superior thalamus (HC 
0.002 ± 0.03; undAN 0.002 ± 0.06; w-resAN 0.002 ± 0.07) were also similar in w-res 
AN and HC participants (p>0.05) (Figure 3). On the other hand, from an initial visual 
exploration of the data, we observed that the fornix, left caudate nucleus and left 
thalamus did not present any improvement in their MD levels after weight restoration 
in AN. However, further analyses need to be put in place in order to determine specific 
details of these brain regions and thus, to discard possible imaging artefacts. 
We also undertook regression analyses between the changes in MD after 
weight restoration and the symptom improvement and the BMI increases. We used the 
MD values extracted from the overlap between the 10 undAN versus 10 control results 
and the 10 undAN versus 10 w-resAN results. Following our hypotheses, we selected 
the areas of left hippocampus, right parietal association cortex, anterior, mid- and 
posterior cingulate cortices and the Global EDE-Q and the anxiety and depression 
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subscales of the HADS and the BMI changes (Bonferroni correction p=0.0025) (Table 
4). We found a negative correlation between the decrease of MD in the MCC and 
depression symptoms. This means that the greater the decrease in MD of the MCC 
towards healthy control levels is correlated with the decrease in depression symptoms.   
 
Table 4. Linear regression analyses of the MD changes after weight restoration in 10 
w-resAN that were comparable to controls in the left hippocampus, right parietal 
association cortex, anterior, mid- and posterior cingulate cortices and the symptom 
changes of the Global EDE-Q, anxiety and depression subscales of HADS and BMI 
increases. Significant correlations between the variables appear in grey colour. The 
decrease in MD of the MCC showed a significant negative correlation with the 
subscale depression of HADS. 
Brain region EDE-Q Global HADS Anxiety HADS Depression BMI 
Left hippocampus R2=0.25 
p=0.14 
R2=0.05 
 p=0.55 
R2=0.00 
 p=0.86 
R2=0.04 
 p=0.60 
Right parietal 
association cortex 
R2=0.04 
 p=0.58 
R2=0.00 
 p=0.92 
R2=0.35 
 p=0.07 
R2=0.12 
 p=0.32 
ACC R2=0.12 
 p=0.33 
R2=0.00 
 p=0.89 
R2=0.04 
 p=0.60 
R2=0.03 
 p=0.63 
MCC R2=0.06 
 p=0.48 
R2=0.07 
 p=0.46 
R2=0.46 
 p=0.03 
R2=0.16 
 p=0.26 
PCC R2=0.00 
 p=0.84 
R2=0.00 
 p=0.84 
R2=0.14 
 p=0.29 
R2=0.12 
 p=0.33 
ACC, anterior cingulate cortex; MCC, medial cingulate cortex; PCC, posterior cingulate cortex; w-
resAN: weight-restored girls with anorexia nervosa. 
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DISCUSSION 
We have found water diffusion abnormalities in regions of the frontal, 
temporal, parietal and occipital cortices, as well as in several subcortical regions of 
underweight adolescent girls with AN in comparison to age and gender matched HC 
participants. Mean diffusivity is high in dlPFC, mPFC, cingulate cortex, insular 
cortices, parietal association cortices, occipital cortices, hippocampal cortices, caudate 
nuclei, thalamus and cerebellum, brain areas that in which we have previously reported 
reduced grey matter volume. In addition, subcortical regions such as the corpus 
callosum and fornix also presented altered water diffusivity. As we hypothesized, 
water diffusivity begins to normalize after a period of short-term weight restoration in 
girls with AN in these regions. In particular, large regions of the parietal association 
cortices, insular cortices and cingulate cortices were no longer different from HCs. 
Adolescent girls with AN presented an alteration in the water diffusivity of the 
cingulate cortex, an area above the corpus callosum which is connected with structures 
known as the limbic system. Both anterior (ACC), mid- (MCC) (or also termed the 
dorsal-ACC) and posterior (PCC) sections are strongly connected to the lateral 
prefrontal cortex, a region involved in executive control, working memory, rule 
learning and expression (Hayden and Platt, 2009). The ACC is involved in emotional, 
executive control and action processes (Pessoa, 2017). The ACC has strong 
connections with reward centres of the brain, including the orbitofrontal cortex (OFC), 
and with the insula, which is involved in interoception and homeostasis processes such 
as appetite and whose pathological contribution to AN has been discussed (Frank, et 
al., 2016; Nunn et al., 2011; Shott et al., 2016). On the other hand, the PCC has 
connections with motor and visual structures, possibly having a role in attention 
orientation (Vogt et al., 2006). The PCC has also strong connections with the parietal 
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association cortices, which integrate information from different modalities and provide 
the basis for perceptual processes such as body and spatial information, leading the 
person towards action (Fogassi and Luppino, 2005). Some studies have pointed to the 
alterations in the parietal cortices as the causes of the altered body image perception 
with which people with AN present (Grunwald et al., 2002; Nico et al., 2010). Another 
connection of the PCC is the hippocampus, whose major function has been linked to 
the consolidation of long-term memory and spatial navigation, but whose possible 
contribution to AN is not completely understood (Beadle et al., 2015; Connan et al., 
2006). Damage to the hippocampus can result from oxygen starvation or hypoxia, 
which may cause functional and structural changes that could cause cell death. The 
caudate nuclei and reticular nucleus of the thalamus areas are also very sensitive areas 
to oxygen starvation (Hossmann, 1999), and were also altered in our results. 
After a short-term period of weight restoration for the adolescent girls with 
AN, the majority of these brain regions showed an improvement in their water 
diffusivity. Thus, the treatment made a notable change in water diffusion, with 
abnormalities recovering to almost HC levels. These results of gradual recovery of the 
aforementioned brain regions, with a mean time of 67 days, are promising with regards 
to averting further neurodevelopmental impairment.  
In addition, we found a negative correlation between the decrease of MD in the 
MCC and the decrease in depression symptoms. The MCC is involved in multisensory 
orientation of the body and action-reinforcement associations, being a vulnerable 
region for depression, among other disorders (Vogt, 2016). We did not find any further 
significant linear associations between the recovery of water diffusion in girls with 
AN, their symptom improvement and the BMI increases. This could possibly reflect 
the physiological specificity of these changes. In favour of the water diffusivity 
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recovery in this sample is the neuroplasticity of the brain during adolescence and of 
the shorter duration of AN (< 3 years). In contrast, Shott et al (2016) found continued 
altered white matter connectivity of the OFC, insula and ventral striatum, areas 
involved in a possible taste-reward circuit in adult women recovered from AN. Further, 
Yau et al (2013) found altered MD in frontal, parietal and cingulum of adult women 
recovered from AN, suggesting that the severity of the illness, considering the longer 
duration of illness and the lowest BMI lifetime as features, may have longer-term 
consequences. Supporting the findings of the present study, a partial normalization of 
white matter and normalization of the water diffusivity in the corpus callosum, corona 
radiata and posterior thalamic radiation has been reported in adolescents (Olivo et al., 
2017; Vogel et al., 2016). More studies are needed to study these brain changes and to 
identify factors that could determine the recovery of these abnormalities. Considering 
these investigations and in line with our results, we suggest that weight-recovery 
treatment of people with early onset of AN (less than 3 years of illness) and the brain 
maturation in adolescence could be key factors relevant to brain recovery.   
In the present study we found recovery in water diffusivity beginning in the 
right caudate nucleus. The caudate nuclei have been appointed as a possible key area 
in the symptomatology of AN with abnormalities reported in both structural and 
functional studies (Steinglass et al., 2012; Titova et al., 2013). In our previous 
volumetric study grey matter volumes in this region were still reduced after weight 
gain in AN (Martin Monzon et al., 2017). The present study supports the use of 
different imaging modalities, and in particular DTI, to characterise microstructural 
abnormalities that are not perceptible with voxel-based morphometry.  
Two conclusions can be drawn from this study. On the one hand, the cingulate 
cortex, hippocampus and parietal association cortices are brain areas that appear 
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altered in AN. Both grey matter volume and water diffusivity were altered in 
underweight adolescents with AN and previous studies have linked them to its 
pathophysiology. Whilst the precise underlying cellular changes responsible for this 
change are not known, it could be that the increase in MD represents a loss of neurons 
or supporting cells and thus free-water movement is less restricted. Another possibility 
is that the water diffusion is highly concentrated in particular cellular spaces, similarly 
to alterations reported in these fields in acute stroke (Roldan-Valadez and Lopez-
Mejia, 2014). It is possible that these changes result in altered local neural processing 
which in turn is reflected in the range of symptoms and behaviours typical of the 
condition that distinguishes adolescent girls with anorexia nervosa from healthy 
controls. Furthermore, some aspects of AN have been reported to be significantly 
correlated to regional brain water diffusion changes in earlier studies, such as disturbed 
eating pattern, altered body perception, anxiety and emotion processing (Kazlouski et 
al., 2011). Possibly, our analyses may provide insight and hints to neural circuitry 
involved in the perpetuation of the eating disorder, suggesting further avenues of 
research to explore. On the other hand, in the present study, normalization of diffusion 
changes began to occur after weight-recovery treatment but prior to resolution of body 
image and eating cognitions (as reported in (Martin Monzon et al., 2017). It is likely 
that factors such as the plasticity of the adolescent brain, the early onset in AN and 
active treatment features may have positively influence this brain improvement. This 
extended recovery should be used to motivate and encourage patients to engage in the 
process of treatment and weight restoration. It supports the idea that having a weight 
gain within a normal range is an essential first step in the treatment of anorexia 
nervosa. Whether the neuroplasticity of adolescence is a protective or contributory 
factor towards the damage in water diffusion is unknown and an open question for 
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further investigation. Future studies should also analyse water diffusion changes in 
longitudinal samples following longer weight-recovery treatments. Furthermore, it 
would be interesting to know if these changes in brain structure are particular to AN 
or if they share some commonality with other eating disorders such as bulimia nervosa 
and binge eating disorder.  
 
Limitations 
           This study has a number of limitations. Obtaining a larger sample of adolescents 
with AN and following them for a longer duration would have been desirable. Further 
analysis of symptomatic features in combination with water diffusion changes before 
and after weight gain could potentially provide more details of the specificity of these 
changes to the pathology of AN.    
 
CONCLUSION 
          Adolescent girls with AN presented water diffusion changes in cortical and 
subcortical brain regions, such as the cingulate cortex, parietal association cortices, 
hippocampus, thalamus and fornix. After a short period of weight restoration, water 
diffusivity began to recover and normalize towards healthy control levels. Sections of 
the ACC, bilateral hippocampus and right caudate nucleus that continued to be reduced 
after weight gain in our previous volumetric study of grey matter, showed the 
beginning of recovery in water diffusivity. The use of DTI may thus provide a ‘finer 
grain’ technology compared to VBM in the investigation of these brain alterations. 
Future studies should analyse if features such as longer treatment and the adolescence 
stage of brain development are the critical factors for the observed recovery.   
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6.1. Overview 
Anorexia nervosa is a mental health disorder in which the person experiences 
extreme alteration in the eating behaviour and weight loss in the context of weight and 
shape overvaluation and other body image concerns. Individuals typically also 
experience altered body perception and symptoms such as anxiety and depression. 
People with anorexia nervosa also may engage in binge eating and additional extreme 
weight control behaviours such as vomiting and laxative misuse. Anorexia nervosa is 
a global problem with an incidence of 4.7-7.7% per 100.000 persons and it has a 3-
month point prevalence of 1% (1,2). It predominately affects the female population 
and has onset in adolescent years (3).  
Social and interpersonal effects range from changes in behaviour such as 
avoiding social gatherings to abstaining from certain foods. Medical effects can 
include severe alterations such as malnutrition, low bone mineral density, and cardiac 
problems. Multiple factors have been researched as putative contributors in the 
development of the disorder, such as psychological (e.g. vulnerable self-esteem), 
environmental (e.g. history of trauma), family related (e.g. number of siblings and birth 
order), and biological (including genetic predisposition and increased heritability) (4).  
With regards to the neurobiology of anorexia nervosa, the use of neuroimaging 
techniques offers an open door to the study of the brain. Structural alterations like 
reduced grey matter volumes have been found, but it is not clear what brain regions 
are altered and if they normalize after weight recovery in adolescent girls (5,6). 
Furthermore, the recent application of diffusion tensor imaging (DTI) in the study of 
anorexia nervosa provides the analysis of water diffusion in the brain which sheds light 
on changes in brain structure in this mental health disorder. In this dissertation, the 
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following research on brain structure in adolescents with anorexia nervosa has been 
presented: 1. The analysis of grey matter volumes using voxel based morphometry 
(VBM) before and after weight recovery (Chapter 2); 2. The systematic review of the 
published studies that have applied diffusion tensor imaging (DTI) in the study of the 
brain in people with anorexia nervosa (Chapter 3); 3. The analysis of water diffusion 
in the brain using diffusion tensor imaging in underweight girls with anorexia nervosa 
(Chapter 4); 4. The analysis of water diffusion in the brain before and after weight 
recovery in adolescents with anorexia nervosa using diffusion tensor imaging (Chapter 
5). 
 
6.2. Dissertation findings 
6.2.1. The analysis of grey matter volumes using voxel based morphometry (VBM) 
before and after weight recovery (Chapter 2) 
In our initial investigation (Chapter 2), we studied the grey matter volume of 
26 underweight adolescent girls with anorexia nervosa using voxel based 
morphometry. We found that grey matter volumes are reduced in cortical and 
subcortical structures in comparison to age and gender matched healthy controls. Grey 
matter volumes were decreased in frontal, temporal, parietal, and occipital regions. 
Furthermore, there was a significant difference in symptomatology measures between 
them, with girls with anorexia nervosa presenting increased eating disorder symptoms 
and lower body mass index (BMI). After short-term weight restoration in a subsample 
of 10 adolescent girls with anorexia nervosa, the majority of these regional reductions 
started to increase towards normalization. The increases in the right anterior thalamus 
and left orbitofrontal cortex grey matter volumes presented a negative correlation with 
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eating concern and shape concern symptoms, respectively. In this sense, the greater 
the grey matter volumes, the lower the presence of eating disorder symptoms. 
Moreover, the increases in mid- and posterior cingulate cortex and precuneus were 
positively correlated with increases in BMI. It seems that these brain regions are more 
susceptible to grey matter volume recovery. On the other hand, some sections of the 
caudate nuclei, anterior cingulate cortex, and right hippocampus didn’t present 
prominent recovery in their grey matter volumes. It has been suggested that the anterior 
cingulate cortex is implicated in more severe forms of anorexia nervosa (7), while the 
caudate nuclei is part of the dorsal circuit system, which plays an important role in 
emotional and cognitive functions (8). It could be possible that these regions remain 
decreased and are an indication of the long-lasting symptoms often found in recovered 
women from anorexia nervosa (for example, the desire for thinness and dietary 
preoccupation that frequently persist) (9-11). 
Another possibility is that longer durations of treatment potentially benefit grey 
matter volume recovery. Some studies of longer durations of treatment have shown 
improvement in several brain areas, including the right caudate nucleus and putamen, 
in weight restored females from anorexia nervosa (12,13).  
 
6.2.2. The systematic review of the studies that have applied diffusion tensor imaging 
in the study of water diffusion in anorexia nervosa (Chapter 3) 
To deepen the understanding of the brain structure in anorexia nervosa, we did 
a systematic review of the published studies using diffusion tensor imaging in the 
analysis of water diffusion people with anorexia nervosa patients (Chapter 3). 
Diffusion tensor imaging (DTI) provides an analysis of water diffusion in the brain 
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and has been extensively applied in the study of many neurological disorders such as 
schizophrenia (14). Alterations in water diffusion have been associated with these 
psychiatric disorders. The use of DTI in the study of anorexia nervosa is still very 
recent, with inconclusive findings. With this in mind, we extracted the available 
scientific articles from SCOPUS, Pubmed, Lilacs and CSIC databases that were 
written in English or Spanish and used DTI as the main method of analysis in anorexia 
nervosa. From this systematic search, a total of 6 publications written in English were 
found, where 5 of them corresponded to adult samples and 1 of them to an adolescent 
sample. Most of the studies were focused on underweight females with anorexia 
nervosa, however one of them studied women who have recovered from anorexia 
nervosa, and another studied both. All of them followed a cross-sectional design, and 
often the need for more longitudinal studies able to compare the possible changes in 
the brain before and after treatment was expressed. Some authors compared their 
findings of alterations of the white matter in the superior longitudinal fasciculus, the 
cingulum, the thalamic radiation, and the fornix. Some of the studies also applied 
complementary measures like questionnaires to obtain symptomatology measures.  
Water diffusion abnormalities were frequently also related to the symptoms 
and behaviours associated with anorexia nervosa. In particular, the superior 
longitudinal fasciculus and the thalamic radiation project to parietal regions involved 
in body perception, and thus could influence the body image distortion present in 
people with anorexia nervosa (15,16). On the other hand, the connection to higher 
association cortices of the cingulum, which is a major component of the limbic system, 
has being considered crucial for brain pathology in anorexia nervosa (17). Moreover, 
the alteration in homeostatic processes of the body (e.g. hunger, body temperature) 
and the presence of anxiety have been related to the fornix alteration (18-20). These 
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brain abnormalities presented either high fractional anisotropy (FA) or low mean 
diffusivity (MD) in the studies that we extracted. As we have previously specified, 
fractional anisotropy measures the direction of water diffusion, and mean diffusivity 
measures the average of the water movement (21). FA and MD are parameters that are 
inversely correlated and measure water diffusion. In regards to the recovery of these 
brain alterations, the sole investigation performed in weight-restored females with 
anorexia nervosa, Yau et al (17) found a peculiar pattern of low-mean diffusivity in 
the frontal cortex, the parietal association cortices, and the cingulum. Water diffusion 
didn’t normalize in this cross-sectional study, and the abnormalities suggest symptoms 
often exhibited by women who have recovered from anorexia nervosa. However, it is 
unknown if adolescent girls who undergo weight restoration still present water 
diffusion alterations or if these abnormalities recover over time. A need for future 
longitudinal studies capable of measuring water diffusion brain changes in adolescents 
with anorexia nervosa, as well as those recovered from anorexia nervosa, is expressed.  
 
6.2.3. The study of water diffusion in the brain in underweight adolescents with 
anorexia nervosa using diffusion tensor imaging (DTI) (Chapter 4) 
 In our third study (Chapter 4), we applied diffusion tensor imaging in the 
analysis of brain water movement in 26 underweight adolescent girls with anorexia 
nervosa. We used mean diffusivity as the main parameter of the study, which indicates 
the average of the water diffusion. Mean diffusivity in cortical and subcortical brain 
structures was higher in adolescent girls with anorexia nervosa than in healthy control 
girls. Interestingly, the brain alterations were basically in the same regions that 
presented reduced grey matter volumes in our previous study. We know that the water 
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and the tissue are interdependent components. Thus, the changes in the local cell 
structure and myelination can affect water distribution (22). Specifically, water 
diffusion was higher in widespread areas of the limbic system, such as the cingulate 
cortex, corpus callosum, hippocampus, thalamus, and fornix. The connections to 
prefrontal and parietal cortices were altered as well; these higher association cortices 
are considered to play a crucial role in the altered thinking pattern and body image 
perception present in people with anorexia nervosa (23,24). High water diffusion was 
found in the caudate nuclei, a component of the basal ganglia which has been linked 
to abnormal reward processing in people with anorexia nervosa (for example, getting 
a positive reward from starvation) (25). Furthermore, the dysfunction of the insula as 
a central component in anorexia nervosa has been stated in diverse studies (26-28), 
however the present findings are the first providing details about its altered water 
diffusion. In sum, it seems that the water diffuses more freely in people with anorexia 
nervosa than in healthy controls, but the underlying cellular changes of this pattern are 
still unknown. Possibly, the increase in mean diffusivity could reflect the loss of 
neurons or supporting cells promoting less restricted water movement. The structural 
brain alterations could perhaps impact the local neural processing and intervene in the 
symptom manifestation of anorexia nervosa. 
 
6.2.4. The study of water diffusion in the brain in weight-recovered adolescents with 
anorexia nervosa using diffusion tensor imaging (DTI) (Chapter 5) 
 Our final investigation consisted of the analysis of water diffusion in 10 
adolescent girls with anorexia nervosa before and after short-term weight restoration 
treatment (Chapter 5). Alterations in water diffusion shown by high mean diffusivity 
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were found in the same regions as in our large sample of 26 adolescents presented in 
our third study in Chapter 4. These are the prefrontal cortex, insula, and parietal 
association cortices, and areas of the limbic system such as the hippocampus, fornix, 
corpus callosum, and thalamus. We observed that after 67 days on average of 
treatment, water diffusion begins to normalize towards healthy control levels. This 
confirms our hypotheses, considering that we found the normalization of the grey 
matter volumes with weight gain, and as we have explained, tissue and water are 
interdependent components (22). We suggest that the cingulate cortex, hippocampus, 
and parietal association cortices may be key regions involved in the development of 
anorexia nervosa. Together with their projections to other high associative brain areas, 
their emotional and high executive functions seem to be critical in anorexia nervosa 
(17,23,29,30). On the other hand, we think that weight restoration during the early 
onset of anorexia nervosa (< 3 years) and the plasticity of brain development during 
adolescence may be important factors for the normalization of these brain structure 
alterations. We also saw the beginning of recovery in water diffusion in the right 
caudate nucleus, while its alteration in grey matter volumes was still present after 
weight restoration in our previous study. The use of different neuroimaging modalities 
may provide further advantages in overcoming limitations that are not perceptible with 
only one technique.  
 
6.2.5 Summary of dissertation findings 
 In sum, adolescent girls who experience anorexia nervosa during the earliest 
stages of the disorder present structural brain alterations in both grey matter volumes 
and water diffusion of cortical and subcortical structures. Areas such as the cingulate 
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cortex, hippocampus, and parietal association cortices are altered and may give us 
insight about the neural circuitry involved in the disorder’s development. Weight 
restoration treatment prompts the recovery of these brain alterations, and eating 
disorder symptoms decrease with it. In fact, the normalization of the grey matter 
volumes of the right anterior thalamus and left orbitofrontal cortex are associated with 
decreases in eating concerns and shape concerns, respectively. Improvements in grey 
matter volumes of the MCC, PCC, and precuneus are associated with an increase in 
BMI. Interestingly, we saw recovery of the right caudate nucleus when we applied 
diffusion tensor imaging, in contrast to the former results using voxel based 
morphometry. The use of different modalities brings advantages which provide further 
knowledge about the characterisation of the brain structure in anorexia nervosa. 
 
6.3 Strengths and limitations of research 
 The longitudinal study of the brain structure in adolescents with anorexia 
nervosa responds to the need of further analysis of grey matter volumes and water 
diffusion. Brain recovery changes were observed after 67 days on average, with the 
increase in the majority of grey matter volume regions that were previously decreased 
and overall recovery of the water diffusion pattern. These results are promising, 
considering the short time frame, which could reflect the sensitivity of the adolescent 
brain and the benefits of weight recovery treatment for its physiological and 
psychological effects.  
 We also provided the first systematic analysis of the available studies 
performed with DTI to analyse water diffusion in people with anorexia nervosa. It 
clarifies the existing knowledge of water diffusion in regional brain areas, measures 
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used, and interpretations of the changes. It gives a complete overview, which may be 
beneficial to understand brain water diffusion in people with anorexia nervosa and to 
consequently address future research questions.  
 Adolescents with anorexia nervosa experienced improvement in their 
symptomatology with weight recovery. We observed a negative correlation between 
the increase in grey matter volumes in the left orbitofrontal cortex and in the right 
anterior thalamus, and the decrease in shape concerns and eating concerns, as reflected 
in the Eating Disorder Examination Questionnaire.  
Furthermore, the analysis of the brain structure in a larger longitudinal sample 
would have been desirable. It is a known difficulty to recruit and maintain participants 
in a clinical setting, especially when considering a longitudinal design.  
  
6.4 Future research  
 Future studies should consider if features such as the treatment duration, the 
stage of the disorder (e.g. intervention during the early stages, <3 years), brain 
maturation (plasticity during adolescence in comparison to adulthood), and the 
neuroimaging techniques used are compromising factors of the brain changes. A more 
comprehensive study of the implication of features such as the restrictive and purgative 
eating behaviour and also other closely related weight disorders such as bulimia, binge 
eating disorder, and obesity should be considered for future studies. Furthermore, the 
longitudinal study of healthy controls twice, on a similar time frame to the girls with 
anorexia nervosa (before and after weight-restoration) would be beneficial in order to 
control for possible effects of time in the adolescent developing brain. The 
characterisation of water diffusion along white matter tracts in the brain using 
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tractography analysis could provide further details of the directionality and water 
diffusion characterisation in these disorders. 
 In order to explore how much findings are related to food restriction per se or 
the psychological characteristics of eating disorders more generally, it is important to 
extend this research into other eating disorders which share the psychological features 
of anorexia nervosa but not the starvation or underweight state. These include bulimia 
nervosa and binge eating disorder. It would be interesting to also compare 
neuroimaging findings in people with avoidant restrictive food intake disorder who do 
not have body image concerns, but who are preoccupied with food and eating and may 
also be underweight. Extending the research into other samples that include men and 
replication of the findings is also necessary for their generalisability. 
 
6.5 Implications of the findings  
 The present dissertation exposes the benefits of weight recovery treatment for 
brain normalization in the early stages of anorexia nervosa (< 3 years) in adolescent 
girls. The findings support early treatment to prevent further structural damage in both 
grey matter volume and water diffusion in the brain. Furthermore, the improvement in 
these abnormalities after weight restoration is also correlated to improvement in 
symptomatology. As there was not full resolution of structural changes post-weight 
regain, the studies also suggest that it is important to have continued multidisciplinary 
therapy which complements weight restoration for their physiological as well as 
psychological benefits. 
 On the other hand, combinations of diverse neuroimaging techniques should 
be considered to amplify our understanding of their involvement in anorexia nervosa. 
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The peculiarity of different brain components might reflect dependant or interrelated 
abnormalities in others (for instance, a change in brain water diffusion could indicate 
the displacement of cell molecules). In this sense, the use of DTI has provided analysis 
of a particular water diffusion pattern in certain brain areas that was not observed with 
VBM. Furthermore, neuroimaging is a rapidly evolving area with constant 
development in software and analysis techniques. Advances in the determination of 
the use of specific analysis approaches and techniques would be beneficial for future 
studies.  
 
6.6. Conclusion 
 In conclusion, the present dissertation reported significant brain abnormalities 
in adolescent girls with anorexia nervosa. Using voxel based morphometry and 
diffusion tensor imaging, the studies found alterations in cortical and subcortical 
regions. These abnormalities in the cingulate cortex, parietal association cortices and 
insula, among other regions, were consistent with previous research and have been 
linked to typical features of anorexia nervosa, contributing to the pathophysiological 
understanding of anorexia nervosa. Following weight restoration treatment, brain 
alterations improved supporting early and active treatment in young people.  
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